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Aktive Strömungskontrolle, Aerodynamischer Entwurf, Seitenleitwerk 
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Entwurf von aktiver Strömungskontrolle an einem Seitenleitwerk 
Dissertation Technische Universität Braunschweig 

In dieser Arbeit wird aktive Strömungskontrolle mit tangentialem Ausblasen untersucht, um die Strömungsablösung 
am Seitenleitwerk (SLW) eines modernen Passagierflugzeugs zu verzögern. Während die Effektivität von 
tangentialem Ausblasen an Flügelgeometrien bekannt ist, ist das Ziel dieser Arbeit der Entwurf des aerodynamische 
Anteils eines Ausblassystems um zwei Dinge zu zeigen: Tangentiales Ausblasen kann auch an einem SLW effektiv 
sein und die Effizienz kann erhöht werden, wenn sich der Schlitz nicht über die gesamte Spannweite erstreckt. Der 
numerisch durchgeführte Entwurf basiert auf den Reynolds-gemittelten Navier-Stokes Gleichungen. Der 
Entwurfsfall für die Fläche des SLWs ist ein einseitiger Triebwerksausfall im Langsamflug bei kleinen bis mittleren 
Schiebewinkeln. Zum Ausgleich des asymmetrischen Schubs wird ein großer Ruderausschlag benötigt, um die 
notwendige hohe Seitenkraft zu erzeugen. Das Ziel ist hier die Erhöhung der Seitenkraft durch Verzögerung der 
Strömungsablösung, um die Seitenleitwerksfläche auf die Anforderungen für den Reiseflug reduzieren zu können 
und damit Widerstand sowie Gewicht einzusparen. Der erwähnte Entwurfsfall führt zu einem nicht linearen 
aerodynamischen Verhalten aufgrund teilweiser Strömungsablösung. Dieses unterscheidet sich von dem einer 
typischen Verkehrsflugzeug-Flügelgeometrie aufgrund der kleinen Streckung und hohen Pfeilung des SLWs. 

Daher ist das Verständnis der zugrundeliegenden komplexen dreidimensionalen Strömung um das SLW die Basis 
dieser Arbeit. Darauf aufbauend wird der tangentiale Schlitz in drei Schritten entwickelt. Zuerst werden an einem 
2D-Profil die Effekte von geometrischen Änderungen im Schlitzbereich untersucht. Im nächsten Schritt wird dies zu 
einer 2,5D-Geometrie erweitert, die eine konstante Profiltiefe und eine Ausdehnung in Spannweitenrichtung hat. 
Damit können zusätzlich zu einem durchgehenden Schlitz diskrete Schlitze und der große Pfeilwinkel des SLW 
berücksichtigt werden. Diese führen zur Erzeugung eines Wirbelsystems über dem Ruder, welches hilft die 
Strömung nicht nur im Pfad des Strahls sondern auch dazwischen in Spannweitenrichtung anliegend zu halten. Zur 
Optimierung des Wirbelsystems werden die Schlitzbreite und der Abstand zwischen den Schlitzen variiert. In einem 
letzten Schritt werden die gewonnenen Erkenntnisse auf das 3D-Seitenleitwerk übertragen. Durch die Verringerung 
der spannweitigen Schlitzausdehnung konnte eine erhebliche Einsparung im Massenstrom von etwa 50% für die 
gleiche Erhöhung des Seitenkraftbeiwerts erreicht werden. Es konnte also gezeigt werden, dass der 
Seitenkraftbeiwert durch tangentiales Ausblasen signifikant erhöht werden kann, wobei dies mit diskreten Schlitzen 
effizienter möglich ist. 
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(Published in English) 

In this work the application of active flow control with tangential blowing is investigated to delay flow separation on 
the vertical tailplane (VTP) of a modern passenger transport aircraft. While tangential blowing is known to be 
effective on wing geometries, the aim of this work is to design the aerodynamic part of a blowing system in order to 
show two things: That tangential blowing can be effective on a VTP as well and that its efficiency can be increased 
when deviating from a full span slot. The design is done using numerical methods based on the Reynolds-averaged 
Navier-Stokes equations. The sizing case for the area of the VTP is a one-sided engine failure at low speed 
accompanied by small-to-medium sideslip angles. To compensate the asymmetric thrust, a large rudder deflection 
is needed to achieve the high side force required. The objective here is to increase the side force by delaying the 
flow separation to allow reducing the VTP area to cruise flight requirements, saving drag and weight. The design 
case mentioned leads to non-linear aerodynamic characteristics caused by partial flow separation. These differ from 
a typical passenger aircraft wing geometry due to the VTP’s low-aspect ratio, highly-swept planform. 

Therefore, understanding the complex three-dimensional baseline flow over the VTP is the basis of this work. 
Building on this, the tangential blowing slot is developed in three steps. First, a 2D section is used to analyze the 
effects of geometry changes in the vicinity of the slot. In a next step this geometry is extended to 2.5D where a 
constant chord geometry with extension in spanwise direction is used. This allows accounting for the large sweep 
angle of the VTP and opens the possibility to examine apart from a continuous full span slot also discrete slots. 
Introducing the discrete slots leads to the creation of a vortex system over the rudder which helps to attach the flow 
not only in the path of the jet but also in between the jets in spanwise direction. The slot width and the gap between 
the slots are varied to optimize this vortex system. The findings were in a last step transferred to the 3D vertical 
tailplane. Due to the reduction of the slot extension over the span a considerable mass flow reduction of around 
50% could be achieved for the same increase in side force coefficient. Thus it could be shown that the side force 
coefficient can be significantly increased using tangential blowing which is more efficient when using discrete slots. 
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Aerodynamic Design of Active Flow Control on the Vertical Tail
Abstract
In this work the application of active flow control with tangential blowing is investigated to delay flow
separation on the vertical tailplane (VTP) of a modern passenger transport aircraft. While tangential
blowing is known to be effective on wing geometries, the aim of this work is to design the aerodynamic
part of a blowing system in order to show two things: That tangential blowing can be effective on a VTP
as well and that its efficiency can be increased when deviating from a full span slot. The design is done
using numerical methods based on the Reynolds-averaged Navier-Stokes equations. The sizing case for
the area of the VTP is a one-sided engine failure at low speed accompanied by small-to-medium sideslip
angles. To compensate the asymmetric thrust, a large rudder deflection is needed to achieve the high side
force required. The objective here is to increase the side force by delaying the flow separation to allow
reducing the VTP area to cruise flight requirements, saving drag and weight. The design case mentioned
leads to non-linear aerodynamic characteristics caused by partial flow separation. These differ from a
typical passenger aircraft wing geometry due to the VTP’s low-aspect ratio, highly-swept planform.

Therefore, understanding the complex three-dimensional baseline flow over the VTP is the basis of this
work. Building on this, the tangential blowing slot is developed in three steps. First, a 2D section is
used to analyze the effects of geometry changes in the vicinity of the slot. In a next step this geometry
is extended to 2.5D where a constant chord geometry with extension in spanwise direction is used. This
allows accounting for the large sweep angle of the VTP and opens the possibility to examine apart from a
continuous full span slot also discrete slots. Introducing the discrete slots leads to the creation of a vortex
system over the rudder which helps to attach the flow not only in the path of the jet but also in between the
jets in spanwise direction. The slot width and the gap between the slots are varied to optimize this vortex
system. The findings were in a last step transferred to the 3D vertical tailplane. Due to the reduction of
the slot extension over the span a considerable mass flow reduction of around 50% could be achieved for
the same increase in side force coefficient. Thus it could be shown that the side force coefficient can be
significantly increased using tangential blowing which is more efficient when using discrete slots.

Aerodynamischer Entwurf von aktiver Strömungskontrolle an einem Seitenleitwerk
Zusammenfassung
In dieser Arbeit wird aktive Strömungskontrolle mit tangentialem Ausblasen untersucht, um die Strö-
mungsablösung am Seitenleitwerk (SLW) eines modernen Passagierflugzeugs zu verzögern. Während
die Effektivität von tangentialem Ausblasen an Flügelgeometrien bekannt ist, ist das Ziel dieser Arbeit
der Entwurf des aerodynamische Anteils eines Ausblassystems um zwei Dinge zu zeigen: Tangentiales
Ausblasen kann auch an einem SLW effektiv sein und die Effizienz kann erhöht werden, wenn sich
der Schlitz nicht über die gesamte Spannweite erstreckt. Der numerisch durchgeführte Entwurf basiert
auf den Reynolds-gemittelten Navier-Stokes Gleichungen. Der Entwurfsfall für die Fläche des SLWs
ist ein einseitiger Triebwerksausfall im Langsamflug bei kleinen bis mittleren Schiebewinkeln. Zum
Ausgleich des asymmetrischen Schubs wird ein großer Ruderausschlag benötigt, um die notwendige
hohe Seitenkraft zu erzeugen. Das Ziel ist hier die Erhöhung der Seitenkraft durch Verzögerung der
Strömungsablösung, um die Seitenleitwerksfläche auf die Anforderungen für den Reiseflug reduzieren
zu können und damit Widerstand sowie Gewicht einzusparen. Der erwähnte Entwurfsfall führt zu einem
nichtlinearen aerodynamischen Verhalten aufgrund teilweiser Strömungsablösung. Dieses unterscheidet
sich von dem einer typischen Verkehrsflugzeug-Flügelgeometrie aufgrund der kleinen Streckung und
hohen Pfeilung des SLWs.

Daher ist das Verständnis der zugrundeliegenden komplexen dreidimensionalen Strömung um das SLW
die Basis dieser Arbeit. Darauf aufbauend wird der tangentiale Schlitz in drei Schritten entwickelt. Zuerst
werden an einem 2D-Profil die Effekte von geometrischen Änderungen im Schlitzbereich untersucht. Im
nächsten Schritt wird dies zu einer 2,5D-Geometrie erweitert, die eine konstante Profiltiefe und eine
Ausdehnung in Spannweitenrichtung hat. Damit können zusätzlich zu einem durchgehenden Schlitz
diskrete Schlitze und der große Pfeilwinkel des SLW berücksichtigt werden. Diese führen zur Erzeugung
eines Wirbelsystems über dem Ruder, welches hilft die Strömung nicht nur im Pfad des Strahls sondern
auch dazwischen in Spannweitenrichtung anliegend zu halten. Zur Optimierung des Wirbelsystems
werden die Schlitzbreite und der Abstand zwischen den Schlitzen variiert. In einem letzten Schritt
werden die gewonnenen Erkenntnisse auf das 3D-Seitenleitwerk übertragen. Durch die Verringerung
der spannweitigen Schlitzausdehnung konnte eine erhebliche Einsparung im Massenstrom von etwa 50%
für die gleiche Erhöhung des Seitenkraftbeiwerts erreicht werden. Es konnte also gezeigt werden, dass
der Seitenkraftbeiwert durch tangentiales Ausblasen signifikant erhöht werden kann, wobei dies mit
diskreten Schlitzen effizienter möglich ist.
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1 Introduction and State of the Art

This chapter presents the introduction, the objective and outline of this work and an
overview of related research and literature.

1.1 Introduction

Since 1970, air traffic has been doubling every 10 to 15 years, largely unaffected by
worldwide crises like the oil crisis in the mid-1970s, the 9/11 terrorist attacks closely
followed by the first SARS outbreak 2000-2003 and the world financial system crisis
2008 [1]. Thus, air traffic was forecast to continuing growing in the coming years [2, 3].
In line with this, the number of flying aircraft is predicted to increase as well, leading
to a rise in air pollution. This being recognized, large efforts are made to lower the
global emissions created by aircraft like carbon dioxide and nitrogen oxide despite the
fact that the total number of air vehicles is growing. Ambitious targets are set by the
Advisory Council for Aeronautics Research in Europe (ACARE) to reduce atmospheric
pollution [4, 5]. Strategies followed are on one hand a change of the fuel to a one which
is made from sustainable biomass and thus more environmentally friendly, or the use
of electrical engines. On the other hand for example efforts are made to improve the
technology of the aircraft itself targeting its fuel consumption. Here, drag and weight
reduction are sought after. This would result in less fuel burned for the same transport
task, leading to a reduction of the emissions.

With regard to the drag and weight reduction, different technologies are investigated.
For weight reduction composite materials are for example used today or added layer
manufacturing (ALM). The latter allows to build optimized structures which are not
primarily driven by the manufacturing methods available but by the load paths of the
structure. For drag reduction, a main driver is the aerodynamic shape of the aircraft.
Here one attempt strives for example to reduce the skin friction drag by increasing
the extent of laminar flow of the airfoil or the wing [6]. Another way would be an
optimized shape design and a decrease of the wetted surface to reduce friction drag
and also pressure drag. Smaller components not only tend to be lighter themselves, but
their reduced weight can also lead to a decrease of the weight of the underlying and
supporting structure resulting from snow ball effects.

In general, transport aircraft are optimized for cruise flight which is the segment they
spent most of the time in during one flight. Nevertheless, one component which is today
often sized by low speed conditions seen at take-off and landing is the vertical tail(plane)
(VTP). The main function of the VTP is to provide stability and control for the aircraft
about the yaw axis which is the z-axis in Fig. 1.1. For most conventional transport
aircraft used today, modern fly-by-wire systems help to artificially augment the cruise

1
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yaw stability, allowing a smaller VTP size during this part of the flight. During take-off
and landing, the speed of the aircraft is lower than in cruise flight. This means that also
the aerodynamic forces produced in these flight phases are smaller. The rudder of the
VTP, which is the aft part, can be deflected while the forward part, the fin, is fixed. The
rudder works as a plain flap, allowing to change the magnitude of the side force created
by the vertical tail for controlling the aircraft about the yaw axis. Similar to the effect
of a plain flap or an aileron on the lift of a wing, an increase of the rudder deflection
angle δr leads to an increase of the side force. Beyond a certain rudder deflection angle
any further increase does not lead to an increase in the side force any more since the
airflow cannot further follow the contour and separates. Therefore, the size of the VTP
needs to be increased if more side force is required. One case where this is needed is
the one-engine-inoperative (OEI) condition. Here, the critical engine on one side of
the aircraft fails, with take-off being a critical flight segment for this to happen. In this
segment the aircraft velocity is low while the thrust of the engines is high. Thus, in
case of a one-sided engine failure the aircraft experiences a large yawing moment N
created about the center of gravity due to the still running engine. If the right or in
Fig. 1.1 the upper engine fails, the left or lower engine has a large thrust component
pointing forward, leading to a clockwise moment which is in this case opposite to the
rotation direction of N shown in the figure. This moment then needs to be counteracted
by the VTP and is usually a sizing criterion.

x
L

y

M

N
z δr

β

Fig. 1.1 Top view of an aircraft with definition of the coordinate system

In the OEI case the rudder is highly deflected to achieve the maximum side force
possible. This is often combined with small to medium sideslip angles β. Such flow
conditions at the VTP lead to non-linear aerodynamic characteristics, caused by partial
flow separation on this usually low aspect ratio, highly swept lifting surface. If the
VTP size should be kept small and just sufficient to satisfy cruise flight requirements,
other means have to be found to generate the large side force needed during the OEI
maneuver. Because the same behavior in response to asymmetric flow from left and
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right is desired about the vertical axis of the aircraft, the VTP has a symmetric airfoil.
Hence, whatever is integrated must be usable in a symmetric way for left and right
rudder deflection. In addition, the means needs to be effective in a very short time frame
as necessary for an OEI case. One possibility for side force augmentation is the use of
flow control. This can be done in a passive or an active way. Passive would for example
be the implementation of vortex generators which are usually small metal plates which
are added approximately perpendicular to the surface and could have a rectangular or
triangular shape. These vortex generators create vortices which help — when placed
properly — to enhance the mixing with the surrounding flow, thus increasing the
momentum in the boundary layer and delaying or preventing flow separation. They
have the advantage that they are relatively simple to integrate and easy to maintain.
However, they are fixed on the aircraft and can usually not be retracted in cruise flight
when they are not needed, leading to a measurable increase in drag.

With active flow control (AFC), energy is locally introduced into the flow by an actuator
with the intention to influence the flow field on the whole VTP. The advantage of active
flow control means is that they can be turned off when they are not in operation, for
example during cruise flight, and thus do not lead to an aerodynamic drag penalty
when they are not needed. In addition, it might be possible to adapt them to changing
conditions during the flight. On the other hand their implementation is more complicated.
Furthermore, the weight of the additional systems can be interpreted as a drag increment
which needs to be compensated by the reduction in VTP size (leading to both reduced
drag and weight) before the AFC system can provide a net benefit. Additionally, a source
for the provision of energy has to be found and provided with very high reliability. This
energy input can be used to power different types of actuators like fluidic, thermal or
plasma actuators.

Further research on the actuators themselves is still necessary to improve their func-
tionality or to make them applicable to real flight conditions which is something that
has not changed fundamentally over the last years [7]. Thermal or combustion [8]
actuators suffer up to now from a limitation to relatively low frequencies whereas
plasma actuators can only generate limited output velocities and need very high voltage
to work. Fluidic actuators usually use the surrounding air which is blown through exit
holes or slots in the aircraft surface with a certain alignment, direction, shape and size.
One kind of these actuators, synthetic jets, have for example a vibrating membrane
for ingesting air and then releasing it again. They are also called zero-net mass-flux
actuators. This kind of actuator needs in principle apart from the actuator itself just
an electric power supply. Other actuator types need pressurized air, which requires an
energy source for generation, and the corresponding ducts to guide the air, ejecting a jet
into the flow field. This type is the only kind of actuator of sufficient maturity which
would allow installation on transport aircraft today. Such actuators can be used to delay
or avoid flow separation and increase the force that can be produced by force-generating
components like a VTP.

1.2 Objective and Outline

The objective of this work is to understand the complex three-dimensional flow at a
vertical tailplane with large rudder deflection and small to medium sideslip angles and
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then to find active flow control means to delay the flow separation. This can among
others allow the design of a smaller VTP, reducing weight and drag and would thus
contribute to reducing an aircraft’s fuel consumption. From the variety of flow control
methods available, blowing by fluidic actuators is selected, which is already used in
a wide range of active flow control applications. Specifically tangential blowing will
be considered. The ambition of the investigations done for this work is not only to
find some effective way of tangential blowing — this was already shown for similar
2D geometries and other 3D but more wing-type geometries in literature — but also to
improve its efficiency.

Starting from the available literature and the current state of the art in the remainder of
this chapter, the application of tangential blowing will be extended for use on the vertical
tailplane. For typical turbofan-powered passenger transport aircraft, the VTP differs
from the wing by its larger sweep angle and the very low aspect ratio. This changes its
basic flow characteristics and leads in summary to a much more three-dimensional flow
when approaching its maximum side force capacity. In contrast to other kinds of fluidic
actuators like sweeping jets and synthetic jets, not much data or results concerning the
VTP exist for tangential blowing. This makes this type of blowing interesting for further
research to examine its potential especially with the focus on increased efficiency.

In this thesis, first a design for the tangential blowing will be developed using numerical
methods. In contrast to other existing VTP studies, a different flow solver will be
used, namely the TAU code, solving the Reynolds-averaged Navier-Stokes equations.
The simulation setup will be described in Ch. 2 including important aspects about the
geometry, the mesh generator and the flow solver.

Since the application of the TAU code to this specific kind of problem was not examined
before, some work is invested in the verification and validation of the numerical setup
in Ch. 3. To make the validation of the numerical results possible, experimental results
obtained on the same geometry were provided by the Technische Universität Braun-
schweig (TU-BS). To allow a direct comparison between experimental and numerical
results, the numerical investigation is performed at the same scale and Reynolds number
as used in the wind tunnel test.

A multi-disciplinary study for finding a suitable location for the blowing slots on the
VTP was carried out before in collaboration with an industrial partner. Identified
requirements are the possibility to integrate the system in the existing structural concept
without too many modifications and to avoid rotating parts like the rudder, which
would complicate the integration significantly. With these constraints in mind, a location
aft of the fin box but in front of the rudder was determined to be a suitable location.
Therefore this study concentrates on tangential blowing over the rudder with the jet
exit located at the end of the fin.

The design and analysis of the active flow control system will be done in Ch. 4 using
a combination of 2D, 2.5D and 3D simulations. Starting with a 2D airfoil geometry,
some investigations are performed for which 3D effects are negligible or only play a
minor role. This includes for example a variation of the slot height, modeling of small
geometric changes or the effect of tangential pulsed blowing on the mass flow rate but
also a variation of the blowing momentum coefficient and the sideslip angle. Since in
2D spanwise effects cannot be investigated, a 2.5D approach is the next step. Here the
high sweep angle of the VTP is captured. With the span being infinite the tapering of
the VTP cannot be considered. The 2.5D approach makes it possible to investigate the
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effect of replacing the full-span slot by several discrete slots along the span. This aims
to reduce the momentum coefficient needed due to the reduced slot area and by this
increasing the efficiency. The effect on the increase in the side force coefficient will be
examined and compared to the full-span slot. In a next step the results are transferred
to the 3D VTP. First, the baseline flow without blowing is analyzed to enable a deeper
understanding of the flow and the application of the blowing. Then, the best slot design
from the 2D and 2.5D study is transferred to the 3D geometry. Here again, results for
a continuous slot are compared to discrete slots. The mass flow rate and momentum
coefficient are investigated and the potential of these important parameters for the
3D geometry, which is the relevant geometry for an actual application on a transport
aircraft, is discussed.

In Ch. 5 the results and findings of this work are summarized and compared to other
studies carried out by the research community.

1.3 State of the Art

In this section, first some parameters of interest for the active flow control investigation
and in addition for unsteady pulsed blowing simulations are described in Sec. 1.3.1 and
Sec. 1.3.2 before presenting the findings of a literature study. Flow control for aircraft
applications has been a research topic for a couple of decades. A lot of investigations
were done for 2D and wing-type geometries. Some important or representative findings
will be presented in Sec. 1.3.3. The investigations behind often assume a long, higher
aspect ratio wing which is often not or only slightly tapered and has no or only moderate
sweep. However, as already stated before, a transonic transport aircraft VTP has
a planform with a much lower aspect ratio, higher taper and higher sweep angle.
This leads to a more three-dimensional flow field, especially when approaching its
maximum side force capacity where AFC would be beneficial, as was for example
observed in [9]. Under such conditions, flow control concepts optimized for a wing
might not be suitable. Therefore the flow control studies done for VTP-like geometries
are summarized separately in Sec. 1.3.4.

1.3.1 Parameters for the Active Flow Control Investigation

For industrial applications two main parameters for the design of an AFC system with
relation to the aerodynamic efficiency are usually of interest. The first is the momentum
coefficient and the second one the mass flow rate or mass flow coefficient.

The momentum coefficient was suggested by Poisson-Quinton [10] as an important
non-dimensional parameter for boundary layer control. The exact definition varies a bit
in the literature. In the frame of this work it is defined as follows:

Cµ =
U j · ṁ j

1
2 · ρ∞ ·U

2
∞ ·Aref

=
U2

j · ρ j ·A j

1
2 · ρ∞ ·U

2
∞ ·Aref

(1.1)

where ṁ j is the mass flow rate of the jet through the actuator slot with the jet velocity
U j and the jet density ρ j. The variables ρ∞ and U∞ are the density and velocity of the
onset flow in the farfield, Aref is the reference area of the model used which is the chord
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length times one for the 2D cases, the chord length times span for the 2.5D cases and the
planform area for the 3D cases. A j is the area of the slot orifice. For the pulsed blowing
simulations the time-averaged velocities need to be considered for which U j is replaced
in the formula by the time-averaged jet velocity over one period. The formula above
was extended to consider unsteady actuation [11] and can be written for a square signal
as:

Cµ =
1

DC

U
2
j · ρ j ·A j

1
2 · ρ∞ ·U

2
∞ ·Aref

(1.2)

with
U j = DC ·U j, peak (1.3)

where DC is the duty cycle (compare Eq. (1.5) below) and U j, peak is the peak jet velocity
during the actuation period.

A more accurate definition of the momentum coefficient is given in [12], where the
term (p j − pa) ·A j is added to the numerator in Eq. (1.1). This additional term takes
the difference of the pressure between the blowing slot p j and the external flow pa into
account. For an under-expanded jet this pressure difference can be neglected and will
not be used in the remainder of this work.

The mass flow coefficient is a measure for how much mass flow is used by the blowing
device. It is defined as:

Cṁ =
ρ j ·U j ·A j

ρ∞ ·U∞ ·Aref
=

ṁ j

ρ∞ ·U∞ ·Aref
(1.4)

The mass flow rate is quite important since the air blown out of the slots has to be
provided by some source. The amount needed has an impact on the size of the tubes
that need to be used and with this on the integrability into the structure and the weight
added. The other one, the momentum coefficient, has usually a similar tendency as the
mass flow rate, but here the jet velocity has a higher impact. So if a high jet velocity is
needed and with this an increased pressure in the tubes, this parameter might be even
more important, having also an impact on the sizing of the required compressors and
with this also on additional equipment and weight. These two parameters will be used
in the following chapters to judge the different designs. Since the 2D and 2.5D results are
only an intermediate design step, more emphasis is put on the momentum coefficient
while for a realistic 3D geometry meaningful values for the mass flow coefficient can be
obtained as well which will be analyzed more in depth in the corresponding sections.

1.3.2 Additional Parameters for Unsteady Flow Simulations

For unsteady flows the parameter space is broadened by time dependent variations.
One important parameter is the duty cycle DC:

DC =
tblowing

t(blowing + off)
(1.5)

It describes the time the jet is blowing divided by the overall time of the period, i.e.
the sum of the time with and without blowing until the next blowing cycle starts. The
duty cycle can be varied between zero and one. One would be the value for a constant
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blowing jet. The duty cycle can also vary between adjacent slots as can the starting time
of the blowing which could for instance lead to alternate blowing of neighboring jets.
Often a duty cycle of 0.5 is used where the jet is blowing half the time [13]. This was
also found to be a good compromise between the required mass flow rate and the lift
coefficient achieved [14]. DC = 0.5 is also the effective value for synthetic jet/ZNMF
actuators with combined suction and blowing. Since the optimization of the pulsed
blowing parameters is not at the center of interest in the present work but a comparison
between constant and pulsed blowing in general, a value of 0.5 is used throughout.

Another important parameter is the actuation frequency which can be obtained by:

f =
U∞ · F+

cRudder
(1.6)

Here U∞ is the reference freestream velocity, F+ is the dimensionless frequency and
cRudder the rudder chord length as characteristic length which the flow has to travel
from the slot to the end of the vertical tail. With the geometry and thus the denominator
fixed in Eq. (1.6) as well as the freestream velocity given by the aircraft velocity, only the
frequency or dimensionless frequency can be varied. Here again substantial variations
are possible. In the literature screened F+ in the region of 1 is suggested for maximum
lift augmentation [15, 16] which is also used here as starting point for the investigation.

1.3.3 General Findings Regarding Flow Control

Influencing the lift and drag of an airfoil or wing by active means has been studied
for decades. Fluidic actuators were invented quite early and several types have been
developed over the years. With the introduction of the boundary layer theory by
Prandtl at the beginning of twentieth century [17] he also showed the possibility to
delay separation by suction through slots at a cylinder. In the 1920’s also blowing
through slots was examined. In 1921 Baumann developed the idea to blow highly
pressurized air through slots [18]. The idea behind using suction through slots was to
remove weakened flow from the boundary layer and thus help the flow to stay longer
attached. This is also the objective of the blowing slots which increase the near-surface
flow velocity by adding energy to the boundary layer, helping it to overcome the adverse
pressure gradient. Experiments for example performed by Reid and Bamber [19] or
Knight and Bamber [20] confirmed that blowing slots can enhance the lift of a 2D airfoil.
One part of the research focused first on airfoils or wings with elliptically shaped airfoils
or rounded trailing edges as shown in Fig. 1.2(a). Air blown tangentially to the surface
was used to achieve circulation control. The intention was not only to avoid separation
but also to move the aft stagnation point to the lower side as explained by Nielsen and
Biggers [21] what is accompanied by an increase in the circulation. Moving the rear
stagnation point to the lower side of the airfoil relies on the Coanda effect and required
the substitution of the sharp trailing edge with a round one. The Coanda effect works
by creating a low pressure region between the high velocity jet and the solid surface
due to the entrainment of surrounding fluid. This leads to a flow which stays longer
attached to the curved surface. The flow separates only if the energy introduced by the
jet is used up by friction effects or if the centrifugal forces due to the curvature of the
surface prevail. For this approach the blowing slot was usually positioned close to the
round trailing edge.
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(a) Elliptic airfoil

(b) Airfoil with plain flap and sharp trailing
edge

(c) Combination with sharp trailing edge for
cruise operation at the top and hinged
aft part to obtain a Coanda radius for
low speed flight at the bottom

Fig. 1.2 Different airfoil geometries with tangential blowing slots

Since conceptionally sharp trailing edges are used on transport aircraft because they are
advantageous regarding drag in cruise flight, tangential blowing was also investigated
on this kind of geometries [22, 23]. Here the jet was blown over the upper surface of a
plain flap following the round flap shoulder as depicted in Fig. 1.2(b). Further designs
where tested where the flap with a sharp trailing edge could expose a cylindrical surface
which then became the Coanda trailing edge [24] as shown in a schematic sketch in
Fig. 1.2(c). The aim was to obtain a shape which is optimized predominantely for cruise
flight but which can still provide benefits when used with tangential blowing.

By increasing the blowing over the deflected flap with a sharp trailing edge a separation
can be avoided up to the trailing edge. This part of mass flow investment is called
boundary layer control. Increasing the mass flow rate even further than needed for
complete flow attachment is called super-circulation or circulation control. This leads
to a deflection of the streamlines as if the effective trailing edge is extended. In this
range more mass flow needs to be invested for the same increase in lift as it is the case
in the boundary layer control regime. This is sketched in Fig. 1.3. Summaries of the
research related to circulation control and its application were for example compiled by
Korbacher [25] and Englar [26].

It was found that a relatively large mass flow investment is required to obtain a fully
attached flow for a highly deflected flap. This amount of mass flow is currently
considered too high for commercial applications [11]. One approach which has shown
an improvement in that area is the use of oscillatory or pulsed blowing. With this,
the jet is only blowing part-time. Due to the higher frequencies used, the mean flow
field stays attached while the blowing leads to spanwise vortices running downstream
over the wing. For wing-type geometries it was shown that the pulsed jets require
significantly less mass flow than steady tangential blowing for separation control (e.g.
by Seifert et al. [27], Nishri and Wygnanski [15], or Jones and Englar [28]). Additional
optimization parameters for this unsteady problem are now the actuation frequency,
the duty cycle and the blowing amplitude. The angle of the jet relative to the surface is
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Fig. 1.3 Areas of boundary layer and circulation control

another parameter which can be varied as well as can the distance between adjacent
slots for 3D wings. The aim of the increased slot spacing is to reduce the required mass
flow even further. This could also include a combination of suction at one location and
ejecting the air again at another. Related wind tunnel experiments employed some
kind of fast-switching valves like rotating, flapping or solenoid ones. But installing
these valves on an airplane would be quite complex, especially while assuring high
reliability and robustness as required for critical systems. This led to the development of
other actuator types which avoid moving parts. One kind are two-stage fluidic pulsed
blowing actuators where the air is split into two loops as shown in Fig. 1.4(a). One
loop or stage is the main supply providing the air which is ejected through one of two
nozzles of each actuator. The other one is the control stage which enters the actuator
from the side pushing the first, main air stream alternately towards one or the other
nozzle. This is described by Bauer et al. [29]. Usually the actuator blowing direction
has some angle other than tangential or perpendicular to the wing surface. Another
kind of actuators are sweeping jets which have just one airstream towards each actuator,
but inside the actuator a feedback loop is included which drives the jet alternately in
one or the other direction of the outlet (see Fig. 1.4(b)). This leads to a sweep of the
airstream on the wing surface. One of the first applications of the sweeping jets to
aircraft wing geometries was described by Seele et al. [30] and with a bit more detail
about the working principle later by Graff et al. [31]. The sweeping jets are often aligned
tangentially to the surface. Thereby, their jet is not only covering a larger part of the
wing surface due to the sweeping reducing the mass flow required, but it also takes
benefit of the effects of tangential blowing by adding momentum to the flow close to
the surface.

Scaling of the actuators and systems used in wind tunnel tests without reducing their
effect was a topic for many years since the high efficiency gains observed in small-scale
low Reynolds number experiments were found to be not directly transferable to large-
scale applications [32]. Current research results show that this has improved in recent
years. A flight test on a Boeing 757 with sweeping jets on the vertical tail has shown that
the actuators are delivering significant performance improvements also at full-scale [33].
For two-stage fluidic actuators a wind-tunnel investigation could show recently that
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Air main supply
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Control 
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Control
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(a) Schematic fluidic pulsed blowing
actuator geometry

Air supply
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(b) Schematic sweeping jet actuator
geometry

Fig. 1.4 Two types of actuators avoiding moving parts

this kind of actuator can be effective at full-scale for an industrial application, delaying
separation on the wing by blowing close to the leading edge in the pylon region [34].

Other kinds of actuators are zero-net mass-flux (ZNMF) actuators, also known as
synthetic jets, which combine suction and blowing in one device. Using for example an
oscillating diaphragm or a piston they first ingest fluid into a small chamber or cavity
and then expel it again. One of the first applying it to lifting surfaces were Honohan et al.
in 2000 [35]. This kind of actuator is quite attractive since it needs no mass flow source
to work. The main drawback are the limited peak velocities which can be achieved
by this device. Current research is targeting to improve the exit velocities well above
100 m/s to make them interesting for industrial applications [36, 37].

A further type of actuators are vortex generating jets (VGJs). Their effect is similar to
conventional vane vortex generators by generating rotating vortices inside the boundary
layer enhancing the mixing of the flow. While conventional vortex generators for
example consist of a small rectangular or triangular metal plate attached perpendicular
to the surface creating additional drag during the whole flight time, the active VGJs can
be turned off leaving just a small hole in the surface. The blowing direction is skewed
and pitched with respect to the freestream direction. To be effective, the skew and
pitch angles have to be well adapted to the local flow which needs to be taken care of
during the design process. Since the intention is not the addition of momentum but the
augmentation of the momentum exchange, the required mass flow rates are relatively
low. However, this also limits the potential increase of the lift coefficient which is smaller
than for example for the pulsed or tangential blowing devices mentioned above.

Finding an effective but still efficient way to apply these different kind of actuators is
still a part of the ongoing research in an effort to make them interesting for commercial
airplanes. Examples of applied active flow control are the Lockheed F-104 featuring
internally blown flaps, where air was blown over the flaps to enhance the lift in the low
speed region and a version of the MiG-21. A more recently developed aircraft using
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boundary layer control is the ShinMaywa US-2, an amphibious sea rescue aircraft which
had its first flight in 2003. The application of active flow control is up to now more
limited to military aircraft. The application to mass-produced civil transport aircraft is
still to come, requiring besides efficiency also reliability and less complex systems to
make active flow control a net benefit for the airlines.

In the beginning all investigations were based on experiments. With improvements in
computational power, more and more numerical investigations are performed using
different flow simulation software for problems with growing complexity and even for
unsteady pulsed blowing simulations. One part of a large workshop in 2004 was used
to asses the CFD capabilities for calculating a two-dimensional test case with Coanda
blowing over an elliptical trailing edge. During this NASA/ONR Circulation Control
Workshop the need for more and properly designed experimental validation cases
was observed [38] since the output is also dependent on properly specified boundary
conditions. Another example of a large workshop dealing with the prediction of
experimental results by CFD was called “CFD Validation of Synthetic Jets and Turbulent
Separation Control”, held in 2004 [39]. Experiments were designed specially for this
workshop and the results and test cases of this “CFDVAL2004” workshop have been
used since then in the community to enhance the CFD methods, with the modeling
of the boundary condition being one topic. In general, the agreement depends on the
configuration investigated, the flow conditions as well as the turbulence model. Ciobaca
[40] carried out a validation exercise showing that the TAU code can be used for active
flow control calculations and provided some guidelines on how to model a part of the
slot to apply the boundary condition with special focus on unsteady Reynolds-averaged
Navier-Stokes (URANS) computations and pulsed blowing. His approach is followed
in this work.

1.3.4 VTP Related Findings Regarding Flow Control

After the wing was for many years the main subject of active flow control applications
for transport aircraft, the range of applications has broadened in recent years. Currently
the vertical tail is the subject of several investigations targeting the increase of the side
force by active flow control. In contrast to wing related investigations it has to be kept
in mind that now due to the vertical arrangement on the aircraft the side force is the
parameter of interest which is corresponding to the lift of a wing. Similarly, the sideslip
angle at the vertical tail is equivalent to the angle of attack at the wing.

Experimental Investigations

Low scale wind tunnel tests were conducted 2012 by Seele et al. [41, 42] and Rathay
et al. [43, 44, 45, 46]. Seele et al. used sweeping jets on a generic vertical stabilizer
model which was mounted on the wind tunnel floor. At a Reynolds number of up
to 1.5 million several rudder deflection angles and a variation in the sideslip angle
were investigated. The 92 actuators where placed close to the hinge line of the 1.067 m
span model, near but upstream of the location of natural separation. Depending on
the freestream velocity and momentum input a side force increase of approximately
50% was achieved for reasonable mass flow or momentum coefficients with Cµ ≤ 1%.
Rathay et al. on the other hand concentrated on synthetic jets as active flow control
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device. They used a generic vertical tail based on public information available for the
planform of the Boeing 767. The span of the first wind tunnel model was 0.39 m which
is about 1/25th of a full scale geometry, resulting in a Reynolds number of 275000. Eight
synthetic jet actuators were integrated into the model just upstream of the hinge line.
They reported a 18% increase in the side force coefficient at moderate rudder deflection
angles for cases without sideslip. No absolute values were given for this investigation
as well, like for the above mentioned ones from Seele et al. During the investigation of
spanwise spacing and the effect of different actuation locations it was observed that the
mid-span actuators are the most effective ones for moderate rudder deflection angles.
In addition, wind tunnel tests were conducted by Rathay et al. with a larger model at
a scale of about 1/19th [47]. The model now featured a span of 0.53 m and a Reynolds
number of 350000. The number of synthetic jet actuators was increased to twelve. Here
also the sideslip angle was varied and an increase of the side force coefficient by 34%
was reported. Part of this work was a more detailed analysis of the interaction of the
jets with the surrounding flow. Furthermore, the effect of the orientation, location, and
geometry of the synthetic jet orifices on the effectiveness of the actuation was studied
[46].

Building on these results the integration of the two active flow control systems in the
vertical tail of an aircraft was investigated by Mooney et al. [48] in a study carried out
by the research agency NASA and the aircraft manufacturer Boeing. The aim was to
assess the net benefits at aircraft level while taking systems integration and operational
requirements into consideration. This included for example the additional time for
manufacturing, maintenance cost, space for the additional components and power
requirements. It was assumed that the vertical tail was sized for the longest version
of an aircraft family. Shorter aircraft would then include active flow control on the
vertical tail so that it can achieve the higher maximum side force required to generate a
similar yaw moment with the shorter moment arm than the longer aircraft. Through
this design principle, a vertical tail size reduction of 17% was assumed. Sideslip angles
from 0◦ to 8◦ were specified as being representative for the critical range. Since the
OEI case is reported to be the critical maneuver during take-off, climb, approach, and
landing, the airspeed associated with the operation of the AFC devices is in the lower
range. One outcome of the study is that for both actuator types the benefit due to
drag reduction associated with the reduced size outweighs the negative impacts caused
by the implementation of the system. Since several assumptions were made for this
study where no or only little data was available, rather conservative values were used
where the data was less certain. The sweeping jet actuators were found to have a larger
benefit than the synthetic jet actuators. For the sweeping jets the auxiliary power unit
(APU) was assumed to deliver the required compressed air. Since a tendency can be
seen that aircraft systems become more and more electrically powered, the bleed air
capability of the APU could reduce for new aircraft. This could become a drawback
for AFC actuators requiring compressed air since additional systems might need to
be installed just for supplying this compressed air, adding weight to the aircraft. For
synthetic jets — depending on the exact requirements — the availability of sufficient
electrical power might also lead to additional weight. This has to be kept in mind for
future aircraft developments. However, since the sweeping jets could deliver a larger
side force augmentation it made them a favorite for further studies. Another advantage
of this actuator type is that the maturity required of flight scale actuators has already
been achieved while more development work is needed for the synthetic jet actuators.
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The small-scale wind tunnel tests mentioned above were followed in 2013 by a large
scale wind tunnel test on a full-scale Boeing 757 vertical tail with a span of about 7.60 m.
For this, 37 individually controlled and evenly spaced sweeping jet actuators were used.
Results of this test were reported by Andino et al. [49] and Whalen et al. [50]. At a
freestream velocity of 51.4 m/s a Reynolds number of 15 million was achieved. The
range of rudder deflection angles investigated was between 0◦ and 30◦ at sideslip angles
between −20◦ and 20◦, with the most interesting range deemed to be between 0◦ and
7.5◦. The variation of the parameters involved the actuator spacing, the momentum
coefficient and the configuration of the active actuators. One finding was that the tip
actuators could be turned off without significant effect on the gain in the side force
coefficient. A significant effect was also found depending on whether the rudder leading
edge cut-outs for the actuators were present or covered. These cut-outs lead to a pressure
exchange between pressure and suction side and degraded the performance of the
reference configuration without flow control. A targeted side force coefficient increase
of 20% was achieved with less input from the actuators than for the configuration
with leading edge cut out covers installed. With cut-outs a momentum coefficient of
approximately 0.5% was needed at a sideslip angle of 7.5◦. With cut-out covers installed
an additional 0.25% momentum coefficient was required. Since no cut-outs were present
in both sub-scale tests and CFD calculations, this was an important observation for
cross-comparison. A side force coefficient gain of more than 20% could be reached
with a 31 actuator configuration at maximum rudder deflection angle and also at a
higher sideslip angle of 7.5◦. In general, the required momentum coefficient needed to
be increased with increasing sideslip angle. Compared to the small-scale experiments
conducted by Seele et al. the amount of momentum coefficient to obtain a 20% increase
in the side force coefficient was very similar for the case without leading edge cut-outs.

The full-scale wind tunnel test was used for preparing a flight test with a Boeing 757,
called ecoDemonstrator, with a modified vertical tail. The results were summarized
by Whalen et al. [51, 52] and Lin et al. [33, 53]. A more detailed description of the
system design and integration was prepared by Alexander et al. [54]. The flight test was
conducted in April 2015 with a 31 sweeping jet actuator configuration placed between
the root and 70% of the span. The jet exit area was with 6.35 mm times 12.7 mm about
the same size as in the full-scale wind tunnel test. The pressurized air was provided by
the APU. Based on the flight test data in conjunction with the full-scale wind tunnel
test results and the Boeing aerodynamic database for the Boeing 757 an increase of the
side force coefficient by about 14% was estimated at 30◦ rudder deflection angle and
at relevant sideslip angles up to 7.5◦. Due to flight test limitations some data had to
be calculated or extrapolated for the range of critical sideslip angles. The side force
coefficient augmentation obtained would allow a 12% reduction in vertical tail area.
A systems analysis study indicated that an aircraft drag reduction of 0.9% might be
possible. The side force coefficient increase in the flight test was lower than observed
in the full-scale wind tunnel test at equal or slightly less actuator output which was
limited during flight test by the capability of the APU. Through CFD analysis it could be
concluded that this was due to the wind tunnel floor, which changes the load distribution
along the span, and due to the different Mach number which was 0.151 in the wind
tunnel test and 0.176 for the flight test, changing the Reynolds number and the ratio of
jet velocity to aircraft velocity.

Other experimental studies using active flow control at a VTP-type geometry were for
example done by Cafarelli et al. in 2014 [55]. They used a scaled Boeing 737-like VTP
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with a span of 0.4 m and 12 vortex generating jets (VGJ) along the span. They varied the
rudder deflection angle as well as the sideslip angle. While the first variation without
sideslip just led to a drag reduction, the second one with a change of the sideslip angle
resulted in a small side force increase. They concluded that being able to realize higher
jet to freestream velocity ratios than 2.5 would be a prerequisite for the VGJs to be
effective. Other investigations utilizing VGJs were performed by Singh and Scholz in
2017 [56] on the same scaled generic VTP as used in this work. The VGJs were found
to be capable to replace vane vortex generators and to significantly delay the flow
separation on the deflected rudder. Using the same VTP geometry Löffler et al. applied
pulsed blowing fluidic actuators [57, 58], demonstrating that they have an even higher
ability to increase the side force coefficient as shown in a comparison of the methods
in [59]. For the pulsed blowing actuators leading edge blowing was investigated in
addition to the actuator position close to the hinge line used in the other investigations,
leading to additional improvements at larger sideslip angles.

Numerical Investigations

Experimental results for AFC-enhanced vertical tails were presented in the studies
mentioned above. In addition to experimental investigations also numerical studies
were performed. Their main idea was to show that the experimental findings can be
predicted in principle by simulations as well and to enhance the understanding of the
interaction between the active flow control devices and the surrounding flow.

One publication using a CFD code for the prediction of active flow control on a 3D
vertical tail was published by Vatsa et al. in 2014 [60]. They used the code PowerFLOW
which is based on the Lattice Boltzmann Method (LBM). Besides the outside flow
domain also the inside of the sweeping jet actuators was simulated and compared
with the experimental findings from the small-scale wind tunnel test of Seele et al.
[42]. While a better agreement with the wind tunnel test results could be found for the
baseline case without actuation, the discrepancies where larger for the actuated case
at a rudder deflection angle of 30◦ and a sideslip angle of 0◦. Both sideslip angle and
rudder deflection angle were varied. Even though the magnitude of side force and
drag coefficient could not be predicted correctly for all cases, the trends found are in
agreement with the experimental results.

Childs et al. published their work about the simulation of sweeping jets with the CFD
code OVERFLOW in 2016 [61]. OVERFLOW was originally developed at NASA [62]
and uses multiple overset structured grids. It solves the the Reynolds-averaged Navier-
Stokes (RANS) equations to simulate three-dimensional, viscous and compressible flows.
The results were compared with the outcome of a wind tunnel test from a single actuator
and with selected full-scale wind tunnel test results [49, 50]. A Mach number of 0.15 was
used. Their aim was the development of a computational method to simulate sweeping
jet actuation. First, computations of a single sweeping jet were performed. The results
were used as input for the full VTP calculation as boundary condition for the actuation.
This approach allowed a significant reduction in the computational time required. The
results obtained with the implemented time-dependent sweeping jet inflow boundary
condition are in good agreement with the experimental outcome, especially for the
mean-flow characteristics. Larger discrepancies were observed for unactuated areas
with separated flow.
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This work was followed by Shmilovich et al. [63] also using OVERFLOW, now including
the sweeping jet actuators and their simulation directly in the geometry. After validation
with single actuators to properly model the choked conditions due to supersonic flow
as well, this was applied to a comparison with the small-scale wind tunnel results by
Seele et al. [42]. The investigation was then extended to full-scale flight conditions and
the results were compared to the corresponding wind tunnel [49, 50] and flight test
results [52]. Again the trends were captured well, but some discrepancies in terms of
absolute values for the side force coefficient remained. As two main contributors to the
remaining discrepancies the uncertainties in the experimental setup and the turbulence
model accuracy for such complex time-varying and interactive flows were identified.

Another work of Shmilovich and Whalen [64] investigated the effect of higher air supply
temperatures using OVERFLOW. This resulted in reduced mass flow for the same
increase in the side force coefficient. One application case was sweeping jet actuators on
a VTP, another steady blowing applied at a plain-hinge flap with a convergent-divergent
actuator nozzle.

For the synthetic jets computational models were developed as well and then applied
to a vertical tail geometry. For a study by Shmilovich et al. [65] the code OVERFLOW
was adapted accordingly. The results were compared to the experimental findings of
Rathay et al. [43, 44]. Steady blowing calculations were used in addition to the ones
with a mainly sinusoidal signal at a frequency of 1600 Hz. In general, a good agreement
with the measured data was observed but also some discrepancies. Especially for the
calculations with only a small number of actuators and larger areas of separation the
results derived using the actuation model show that the gains in the side force coefficient
are underpredicted.

In contrast to the study by Shmilovich et al. [65] mentioned above, the main driver
for a study by Jansen et al. [66] was the accurate prediction of the forces and not
the computational cost. To gain a deeper understanding of the working principle of
synthetic jets a coordinated experimental and computational approach was applied.
The conditions of the low-Reynolds number wind tunnel test results [43] where used
in the CFD calculations as well. Findings for the baseline flow without sideslip angle
and one single active jet at the half-span position were presented. Using a delayed
detached-eddy simulation (DDES) not only the change in the side force coefficient when
activating the jet was predicted correctly but this time also the magnitude of the side
force coefficient.

To summarize, partly substantial experimental and computational resources were
invested to demonstrate the ability to apply and simulate active flow control devices
at a 3D vertical tail. The main emphasis of the investigations was on sweeping jets
and synthetic jets, but vortex generating jets and fluidic pulsed blowing actuators
were considered as well. The tangential blowing approach, which is followed in this
work, was not investigated for the application on the vertical tail so far. Different
flow solvers were used to compute the effects of active flow control. However, the
application of tangential blowing to the vertical tail was so far not studied using the
TAU solver which is applied in this work. Here, the focus is on applying an existing and
validated boundary condition, not its implementation. It is used to develop a tangential
blowing design for use on a highly swept, low aspect ratio vertical tail for side force
augmentation.





2 Simulation Setup

In this work the flow field around the vertical tail is simulated using numerical methods.
Using a defined geometry of the vertical tail a mesh is generated which is the basis for
the flow calculations. An overview of the flow solver is given in this chapter, followed
by a description of the geometry and the mesh generation.

2.1 Flow Solver and Parameters

For the numerical flow simulations the TAU code is used. It is being developed by
the German Aerospace Center DLR (Deutsches Zentrum für Luft- und Raumfahrt) in
collaboration with German universities and the aircraft industry [67, 68]. The TAU code
solves the steady or unsteady Reynolds-averaged Navier-Stokes (RANS) equations in
two or three dimensions on hybrid grids. A viscous, compressible and fully turbulent
flow is considered in this work. The TAU version 2015.1.0 [69] was used for all 2D and
2.5D investigations presented here and the version 2016.1.0 for the 3D investigations.
Since the same settings are used, no changes in the resulting coefficients are expected
but since the 2.5D results cannot be transferred directly to the 3D results a slight change
in the coefficients would not change the outcome of this study.

The more general form of the RANS equations, the Navier-Stokes equations, is based on
the conservation laws for mass, momentum and energy. Solving these equations directly
for unsteady turbulent flow would require too much computational effort to allow it to
be done in a reasonable time frame, even if only parts of an aircraft like a vertical tail
would be considered. Thus some simplifications are introduced to make the simulation
of turbulent flow feasible. With these, turbulence is averaged in certain time intervals
by introducing a mean value and a fluctuating part of the velocity components, leading
to the Reynolds-averaged Navier-Stokes equations. This approach leads to additional
stress and heat fluxes in the Navier-Stokes equations, which necessitate the introduction
of turbulence models, i.e. the turbulence is no longer resolved but modeled. In this
work mainly a one-equation turbulence model developed by Spalart and Allmaras is
applied (see Sec. 2.1.1), enhanced by a vortical and rotational flow correction (SARC).

As the RANS equations cannot be solved in closed form, they must be discretized in
space and time and can thus only be computed at discrete points in the flow field.
This requires the creation of a computational grid described in more detail in Sec. 2.3.
Because the RANS equations are non-linear partial differential equations, they can only
be solved by an iterative approach until a defined convergence criterion is fulfilled. For
the spatial discretization a finite volume method is applied. The temporal discretization
is realized by the semi-implicit Backward-Euler scheme with the linear Lower-Upper
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Symmetric Gauss-Seidel (LUSGS) algorithm used here. The results are available on the
surface and in the flow field.

For the calculations with blowing activated, an actuation boundary condition is specified
at the upstream wall of the slot,which is the bottom of the plenum used to inject the jet
into the flow domain. For this boundary condition a specification of jet velocity and
density is necessary, with the latter assumed to be identical to the value of the flow in
the farfield. When performing steady RANS calculations a constant blowing jet is used.
This TAU boundary condition is described in [70] and was validated for numerical
simulations with separation control by Ciobaca [40] whose approach in setting up the
calculations is followed in this work.

When using pulsed blowing the jet is turned on and off in a regularly alternating
manner. Thus, the solution is varying in time as well, necessitating the use of unsteady
flow simulations. For unsteady computations the equations are integrated with a
second-order backward differencing scheme in time employing the dual time-stepping
approach by Jameson [71]. Here a physical time interval is specified based on the
characteristics of the flow physics expected.

2.1.1 Turbulence Modeling

Most of the flow calculations described in the following chapters are based on the Spalart
and Allmaras turbulence model [72]. It is a one-equation model which uses a single
transport equation to close the Reynolds-averaged Navier-Stokes equations. From this
type of one-equation turbulence models the SARC version is used specifically. This is
the Spalart and Allmaras turbulence model enhanced with a vortical and rotational
flow correction (SARC) based on the approach of Spalart and Shur [73]. For circulation
control airfoils it was shown that this turbulence model leads to good results for flows
with high streamline curvature [74].

Two additional turbulence models are studied and the results are compared in Sec. 3.3
and Sec. 3.5.1 with the SARC-based results to to assess the influence of the turbulence
model. One is the original Spalart and Allmaras (SAO) turbulence model in order
to examine the effect of the additional rotation and curvature correction of the SARC
turbulence model on the results. The other model employed for comparison is the
seven-equation Reynolds stress model (RSM). Due to the increased number of equations,
the RSM turbulence model is expected to have a higher accuracy for predicting complex
flows such as those including high streamline curvature and separation. The drawback of
this model is a considerably higher computational effort required for the flow simulation
than for the one-equation Spalart-Allmaras turbulence model. The redistribution
model selected for the RSM turbulence model calculations is SSG/LRR-ω including the
calibration made for the TAU code in 2010, and the diffusion model is the generalized
gradient diffusion hypothesis (GGDH) [75], also in the version from 2010.

2.2 Geometry

This section gives an overview of the geometry used for the investigation. All geometries
are based on the same 3D VTP. For the two-dimensional investigations a section is
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extracted from the 3D VTP. Furthermore, also a 2.5 geometry is employed which is
generated from the 2D geometry through extrusion in spanwise direction.

The vertical tailplane investigated is similar to one of those used on a conventional
transport category aircraft and is depicted in Fig. 2.1. This geometry was also the basis
of the studies presented in [56, 57, 76]. The geometry of this research VTP for the
numerical investigations is the same as the one used for the experimental investigations
whose results were provided by the TU-BS for validation. Due to the requirement
for symmetric behavior, the VTP uses a symmetric airfoil and also the rudder can be
deflected symmetrically to both sides. The forward fixed part of the VTP is called fin
and the deflectable aft part is the rudder. This VTP is scaled down to wind tunnel
dimensions and used in this size throughout the study to allow a direct comparison
between numerical and experimental results.

The span or height of the vertical tailplane is b = 850 mm. This size is selected to fit the
geometry into the wind tunnel of the TU-BS (described in more detail in Sec. 3.4) and
represents a compromise between maximizing the Reynolds number and still having
acceptable interference with the surrounding wind tunnel walls. The aspect ratio is
small compared to a wing which leads in combination with the large leading edge sweep
angle to increased 3D flow effects. The rudder chord is 33% of the overall chord length.
The sweep angle is φLE = 44◦ at the leading edge and φTE = 25◦ at the trailing edge.
The rudder rotates around the hinge line. The rudder deflection angle investigated is
30◦. i.e. a relatively large one. At this angle part of the flow on the rudder is already
separated without active flow control.

For the 2D investigations a VTP section at 50% span is extracted from the geometry
with 30◦ rudder deflection angle. This geometry is shown in Fig. 2.2. It is extracted at
the position marked in Fig. 2.1 with the chord length c. From an aerodynamic point
of view a 2D flow simulation gives results equal to a wing with infinite span and zero
sweep. In a next step this 2D geometry is extruded in spanwise direction. This is then
called a 2.5D approach and is depicted in Fig. 2.3. Because the 2.5D model also has an
extension in spanwise direction, the effect of the large leading edge sweep angle can be
captured in these calculations. The chord length is kept constant along the span. This
allows the left and right boundaries of the calculated section to be defined as periodic
boundaries, leading to the simulation of a swept lifting surface with infinite span. A top
view is given in Fig. 2.4. The angle of the incoming flow to the leading edge is marked
with φ. The chord length c in the freestream direction is kept identical to that of the
2D geometry. For the 3D simulations the VTP is placed on a plane with a symmetry
boundary condition assigned to it.

Tangential blowing is realized by integrating a slot at the end of the fin as shown in
Fig. 2.5. The slot height is varied as part of the investigation which will be presented in
Sec. 4.1.3. The final slot height hSlot used is 0.0006 of the local chord length or written
as the dimensionless slot height hSlot/c = 0.0006. This results in a relatively thin slot of
approximately 0.3 mm for the 2D geometry. A part of the slot is modeled for numerical
reasons [40]. The slot length lSlot is 20 times the slot height. It is chosen to ensure that
a developed pipe flow is established at the outlet. The shell thickness above the slot
towards the surrounding air is 0.1 mm for the 2D investigations. Looking at a real
aircraft geometry the lip closing the gap from the fin to the rudder is also relatively
small. For the 3D geometry this shell thickness was increased to 0.5 mm to comply
with the manufacturing constraints for the wind tunnel model which was used to carry
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Fig. 2.1 3D VTP side view

Fig. 2.2 2D airfoil

Fig. 2.3 2.5D VTP section

out the validation experiments. For the 2.5D geometry the continuous slot is replaced
by discrete slots for some investigations. Examples of discrete slot geometries are
visualized in Sec. 4.2.2.

Fig. 2.4 Top view of the 2.5D VTP section. To allow a better illustration of the definition
of the chord length c, three times the span of the computational model is
shown.

Fig. 2.5 2D airfoil with a detailed view of the blowing slot geometry; hSlot: slot height,
c: airfoil chord length, lSlot: slot length

2.3 Mesh Generation

In this section some details about the mesh generation are described. To be able to
conduct a flow simulation, the area around the geometry has to be divided in many
small control volumes. For each control volume or cell the flow quantities are calculated.
The aggregation of all cells is called mesh. The size of the mesh cells has to be adapted to
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the local flow behavior and is e.g. refined in areas with rapidly changing flow quantities
or around small geometric details. A mesh refinement study is conducted where the
mesh is systematically refined. This helps to find cells sizes where the flow solution
does not change any more when further reducing the cell size.

The mesh generation was done using the commercial software Centaur from CentaurSoft
[77]. It creates hybrid meshes. The surface mesh is made of triangles and quadrilaterals.
From this prisms or hexahedrons are growing into the field, building the near-surface
mesh which is important for the resolution of the boundary layer. The remainder
of the flow field is filled with tetrahedrons. For a 2D mesh the elements reduce to
quadrilaterals and triangles. The slots themselves and also the rudder are meshed with
quadrilaterals or hexahedrons wherever possible. In addition, the flow field above and
behind the rudder is discretized with hexahedrons, essentially leading to a mesh with a
structured appearance. Hexahedrons are less dissipative and should lead to a better
preservation of the flow quantities. In this area separated flow for the cases without
or with insufficient blowing and/or vortices due to the blowing jets is expected. An
overview of the mesh in the vicinity of the VTP is given in Fig. 2.6, taking the mesh
around the 2D geometry as an example.

Fig. 2.6 2D mesh showing the hexahedron blocks used for field refinement.

Right aft of the slot the number of prism layers has to be reduced by the mesh generator
in the corner of the step for geometric reasons. Here the mesh is created in such a way
as to enable a rapid growth of the boundary layer-resolving semi-structured layers. This
is shown in Fig. 2.7(a) and in a detail view in Fig. 2.7(b). Where the use of prisms or
hexahedrons is not possible in this area, highly refined tetrahedrons are utilized.

The farfield of the mesh extends about 100 times the VTP chord length in each direction
to minimize the effect of the farfield boundary on the accuracy of the results (see
e.g. [78]). Such a distance is often used in similar investigations as for example in
[79]. It ensures that the perturbations emanating from the airfoil geometry into the
flow field decay sufficiently before reaching the farfield boundary where freestream
conditions are assumed. For the 2.5D investigation the two parallel sides, which include
the airfoil, are assigned a periodic boundary condition. Since the tangential blowing
influences the boundary layer very close to the surface, this region is resolved well
using a target dimensionless wall distance y+ of 0.5. With 50 layers, the number of
prism or hexahedron layers is also quite high compared to 25 to 30 layers used in
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(a) Mesh in the vicinity of the slot (b) Zoom into the mesh at the slot exit

Fig. 2.7 Details of the 2D mesh

other investigations applying the same mesh generator and flow solver, e.g. [79]. The
higher number of layers allows an improved resolution of the boundary layer, the thin
jet ejected from the slot and of potential separated flow and small vortices. The total
number of points for a 2D mesh is about 240000, for a 2.5D mesh about 7 million and for
a 3D mesh about 77 million.

A grid convergence study is performed using the 2D mesh to investigate the influence of
the spatial discretization on the results. It is based on the Richardson extrapolation [80]
generalized by Roache [81] for arbitrary grid refinement factors and spatial orders of
accuracy. Using this, a higher-order estimate for a solution based on a mesh approaching
zero grid spacing can be obtained. Starting with a very fine mesh, three consecutively
coarsened meshes were created. In this study the first cell height is kept constant for the
coarsened meshes as well. Since for each turbulence model a recommended range of
non-dimensional wall distances y+ is targeted, which for the SARC model is in the range
of 1, the first cell height and the resulting y+ would become too large if they would be
coarsened, too. An estimate for the infinitely fine mesh solution f∞ is calculated by:

f∞ = f1 −
f2 − f1
rp − 1

(2.1)

Therein fi is the solution obtained using the mesh refinement level i, with i = 1
representing the solution based on the finest mesh. The term r is the refinement rate
and p the formal order of accuracy of the algorithm. The latter can be calculated if the
solutions of three refined meshes and their refinement rate is available:

p =
ln( f3− f2

f2− f1
)

ln(r)
(2.2)

Since not structured but unstructured grids are used in this study, which need to be
created independently, errors like a slightly differing refinement rate between the grids
are introduced. This should be kept in mind when assessing the influence on the
quantification of the numerical uncertainty. The results of the study are presented in
Sec. 3.1.



3 Verification and Validation of the
Numerical Setup

First a verification of the numerical setup will be discussed in this chapter. This
includes the spatial discretization with the results from the mesh refinement study; the
time discretization, which is important for the unsteady pulsed blowing results; and
the influence of the turbulence model. The verification study is carried out using a
representative 2D section. The flow conditions used here are a Mach number of 0.2
and a Reynolds number of 2.24 · 106 based on the extracted airfoil’s chord length. The
sideslip angle, usually referred to as angle of attack for 2D wing section investigations,
is zero. In a subsequent step the numerical setup for the 3D investigation is validated
by comparing the results to those obtained from a wind tunnel test using the same VTP
model. As explained in the respective section the flow conditions are slightly changed
leading to a Reynolds number of 1.885 · 106 at the mean aerodynamic chord of the
vertical tail at a Mach number of 0.16. Here the sideslip angle is varied.

3.1 Influence of the Spatial Discretization

The results of the mesh convergence study concerning the behavior of side force and
drag coefficient with varying mesh sizes are depicted in Fig. 3.1. The values are given
as increments referenced to the value of the steady flow calculation based on the finest
mesh without blowing. A mesh of a 2D section is used for this study. For this grid
convergence study the results obtained with three different momentum coefficients are
examined: cµ = 0 (no blowing), cµ = 0.01 with mostly attached flow and cµ = 0.014
with fully attached flow on the rudder. For the calculation result with fully attached
flow on the rudder no significant differences in the side force or drag coefficient can be
observed between the different meshes. The distinctions between the results become
more obvious the more the separation is increased or the energy introduced by the
blowing is decreased. For cµ = 0 it can be observed that the largest number of cells (left
side in the diagram) also leads to the largest side force and drag coefficient created. No
asymptotic behavior of the coefficients can be observed, but it should also be kept in
mind that this kind of grid convergence study is strictly speaking only valid for fully
attached flows. This is clearly not the case without blowing, where the flow over the
rudder is fully separated.

Using Eq. (2.1) the error due to the spatial discretization (cS − cS, f∞)/cS, f∞ is estimated.
Tab. 3.1 shows that for cµ = 0.014 and cµ = 0.01 the error tends towards zero but
increases for the case without blowing to 1.6% for the fine mesh and is at about 13%
quite high for the medium mesh.

23
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(a) Side force coefficient (b) Drag coefficient

Fig. 3.1 Dependence of the grid resolution on the global coefficients for three different
blowing ratios.

Tab. 3.1 Error estimates for the side force coefficient in [%] compared to an extrapolated
solution with the grid spacing tending towards zero

cµ [−] 0.014 0.01 0
fine mesh −9.3 · 10−05

−3.2 · 10−03
−1.6

medium mesh −6.1 · 10−03
−6.0 · 10−02

−13.2

In Fig. 3.2 the obtained side force and drag coefficients are depicted over the momentum
coefficient. Results for three different momentum coefficients are shown connected
by lines for convenience. This figure illustrates that the results without blowing vary
dependent on the resolution of the grid. The more cµ increases and the flow on the rudder
attaches, the more the results approach each other. Especially for the investigations
without blowing it is therefore important, if different geometries are compared, to
keep mesh resolution and mesh characteristics as similar as possible to enable a better
comparison.

The mesh convergence study yields that the second finest mesh should be sufficient for
the larger momentum coefficients. However, it was also observed that the more the flow
separation is increasing the more the mesh needs to be refined to reduce the influence of
the spatial discretization on the results. Therefore it was decided to use the finest mesh
for all calculations.

In addition to just refining the existing mesh topology, a study was conducted to asses
the effect of other mesh parameters [76]. For this mesh study the same airfoil was used to
generate a constant-chord, unswept low-aspect ratio 3D wing instead of an infinite-span
wing. One side of the airfoil was placed on a symmetry plane. This three-dimensional
meshing approach was used since it offered more flexibility and features in the mesh
generation software. The symmetry plane of the resulting mesh was extracted and then
used for a 2D flow simulation. The following was examined:

• Number of cells on the blunt trailing edge surface

• Field discretization using hexahedrons above and behind the rudder instead of
tetrahedrons

• Refinement of the surface cells on and above the rudder and its trailing edge
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Fig. 3.2 Influence of the grid resolution on global side force and drag coefficients as a
function of the momentum coefficient.

In this study it was concluded that for the variation of the number of cells on the trailing
edge one cell leads to a significantly different result with no separation on the rudder
compared to a mesh with more cells on the trailing edge where the flow is separated over
the whole rudder. The results obtained show that six cells seem to be sufficient to get a
robust behavior. For the 2D study the number of trailing edge cells was even increased
to 24. For the next point, the topology of the field discretization in the area above and
behind the rudder was investigated. Tetrahedrons are used in the common hybrid
meshing approach above the near surface layer which is here composed of hexahedral
elements. In areas where larger vortices are shed from the surface, they have to transition
through this element type border, usually noticeable by an increased dissipation of flow
quantities. Using directly-connected hexahedrons instead of tetrahedrons as elements
for field discretization (cp. Fig. 2.6) avoids a change in cell type. This enables a smoother
propagation of the flow quantities in vortex dominated areas. However, the overall
effect on the coefficients calculated was rather small. Refining the cells on and above
the rudder was found to have a small influence on the overall coefficients as well,
resulting in differences below 2.5% for the side force and drag coefficient. It led to a
better resolved near wall region and with that to an improved capturing of the vortices
and the blowing jet. This observation led to the refined first cell height and increased
number of the prism/hexahedron layers used for the meshes in this study.

With the 2.5D mesh a spanwise dimension is introduced. The mesh setup was created
by transferring the setup from the final 2D mesh used. The results of the detailed 2D
mesh convergence study were checked again in [82] to see if they apply as well after
adding the discrete slots. A coarser and a finer mesh with scaling factors of 0.7 and 1/0.7
were created and investigated at different blowing velocities and for a large (16) and a
smaller number (4) of slots. The maximum error compared to an infinitely fine mesh was
determined to be about 5.8% of the side force coefficient for the medium/reference mesh.
This corresponds to a configuration with low jet velocity and large slot spacing, where
still large areas with separated flow exist. For all cases where blowing has a significant
effect on the reduction of the areas with flow separation, the mesh dependency was
found to be below 1%. It was generally observed that a finer mesh results in an increased
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side force coefficient. The dimensionless first wall distance was also varied and it was
concluded that a coarser first wall distance might be too coarse close to the slot exit.
Therefore, the relatively fine value from the 2D study was kept.

The 2.5D mesh setup was then transferred to the 3D mesh and adapted along the span
as necessary. The change of the chord length from root to tip is now taken into account.
The size of the mesh cells is scaled depending on the chord length, so that about a
constant number of cells per chord results. Extra refinement is additionally added
around the tip of the vertical tail where the now finite span ends and at the bottom of
the rudder where also a pressure exchange between suction and pressure side and the
creation of vortices is expected. In 2D, the mesh dependency was found to be the largest
without blowing as shown above. To check the mesh influence on the 3D results, the
mesh was refined by a very large factor of 2.5. This resulted in no change of the side
force coefficient without blowing as will be explained in Sec. 3.5.1.

3.2 Influence of the Time Discretization

To determine if a solution can be used for further postprocessing, its convergence has
to be analyzed. Apart from the normalized density residuum the global side force
and drag coefficient are monitored. For the steady calculations with higher blowing
momentum coefficients usually a monotonous convergence behavior can be observed.
The convergence criteria for the 2D results is a change smaller than 1 · 10−6 in the side
force coefficient and smaller than 1 · 10−5 in the drag coefficient for a constant range
of 3000 iterations. The change in the coefficients is at least one order of magnitude
smaller than the differences between variations that shall be compared. This is known
to be necessary from experimental investigations as measurement accuracy in order to
obtain reliable data [83, Sec. 2.3.3]. This allows to derive a robust ranking even when
comparing configurations with very small differences, e.g. see Fig. 4.15 and there slot
angles 8◦ and 8◦ + 6◦. For the 2.5D and 3D flow calculations this criterion is relaxed
by one order of magnitude. Here the increased regions of separated flow along the
span make the convergence more difficult. For calculations without or only very little
blowing the rudder is to a large extent or even fully separated and thus exhibits a vortex
dominated flow. This usually leads to an oscillatory convergence behavior. For such
cases it is more difficult to determine if a calculation is converged. Here mainly the
mean values of side force and drag coefficients are monitored. For the calculation of the
mean value several oscillating periods are used to get a more relevant and representative
average value and to reduce the impact of the start and end point of the slice of iterations
selected in relation to the period start and end.

For the unsteady calculations the convergence in physical time needs to be considered
additionally. Here, the general development of lift and drag coefficients over one
actuation period is compared to adjacent ones. Cyclically reoccurring periods are
identified which can usually be found if pulsed blowing is applied. For such a period
the mean value of the aerodynamic coefficients is calculated and compared with the
preceding ones. A 2D calculation is considered converged if the side force coefficient
remains constant in the first three significant digits. For the drag coefficient the same
applies but on the first four digits.

For the unsteady numerical simulations with pulsed blowing in addition to the grid
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convergence study a sensitivity study was conducted where the time resolution and the
number of inner iterations were investigated using the 2D section geometry.

To asses the resolution in time, the number of physical time steps for one actuation
cycle is varied between 75, 100, 150, 200 and 300 leading to physical time step sizes
between 3.173 · 10−5 s and 7.933 · 10−6 s. These are chosen such that the physical time
for one actuation cycle corresponds to the time the flow at freestream velocity needs to
travel over the rudder once. All computations are started from a converged steady-state
solution with continuous blowing and use a high number of 1000 inner iterations for
each computed physical time step. To study the impact of the temporal resolution
the following parameters are fixed: momentum coefficient cµ = 0.01, dimensionless
frequency F+ = 1 and duty cycle DC = 0.5. In Fig. 3.3(a) the mean values of side
force and drag coefficients are depicted versus the number of time steps used for one
actuation period. It can be observed that a small number of 75 time steps leads to some
deviations in the side force and drag coefficient compared to the result with the largest
number of time steps. Using that value as a reference, the deviation for 75 time steps is
about 0.4% in cS and 1.7% in cD. The difference decreases the more time steps are used.
At 200 time steps per period it is below 0.1% for the side force coefficient and about 0.3%
for the drag coefficient.

(a) Variation of number of time steps per actua-
tion period

(b) Variation of the number of inner iterations
per time step

Fig. 3.3 Dependence of the temporal and iterative convergence on the global coeffi-
cients of a time-resolved simulation.

With a selected fixed number of 200 physical time steps per actuation cycle, a variation
of the number of inner iterations performed per time step is conducted. In Fig. 3.3(b) it
can be seen that fewer than 100 inner iterations lead to a noticeable difference in the
results. The convergence of side force and drag coefficients during one physical time step
improves up to 600 inner iterations. This is especially true for that part of the blowing
period where the switch from blowing to no blowing occurs. This sudden change in the
jet velocity also leads to a change in the side force coefficient. In general the changes
in the side force coefficient are quite small. Increasing the number of inner iterations
from 600 to 1000 leads to a change in cS below 0.01% and in cD below 0.1%. Since more
iterations tend to stabilize the calculation when the jump in the coefficients occurs after
turning the blowing off, 800 inner iterations per physical time step are selected for the
calculations presented in the subsequent chapters along with 200 physical time steps
per actuation cycle.
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3.3 Influence of the Turbulence Model

The SARC turbulence model-based calculation results are compared with flow simula-
tions where the original Spalart and Allmaras (SAO) turbulence model is used in order
to examine the effect of the additional rotation and curvature correction of the SARC
turbulence model on the results. Apart from these two one-equation turbulence models
also the seven-equation RSM turbulence model is used for comparison. For this again
the same 2D airfoil geometry is used as in the previous section.

(a) cµ = 0 (b) cµ = 0.01

Fig. 3.4 Comparison of the pressure coefficient distribution for three different turbu-
lence models

In Fig. 3.4 the pressure coefficient distributions are depicted over the non-dimensionalized
chord length x/c for cµ = 0 and cµ = 0.01. A good agreement can be observed for the
case with cµ = 0.01 in Fig. 3.4(b). The flow is attached apart from a small region near
the trailing edge where also small differences in the results obtained with the different
turbulence models can be found. As expected, the results are somewhat different if
the areas of separated flow increase. Such flows are in general more difficult to predict
reliably and the turbulence model has a strong influence. In Fig. 3.4(a) the results
without blowing, i.e. with the rudder fully separated, are shown. The differences in Cp
are mainly concentrated in the rudder area in this case as well.

These investigations show that small uncertainties are introduced into the simulation
result depending on which turbulence model is chosen. Since no corresponding wind
tunnel data are available for the investigation of the tangential blowing slots in 2D, it
cannot be stated which of the models agrees best with experimental results. Based on
experience documented in the literature, the SARC turbulence model was selected for
the investigations presented later. It has been used several times for similar applications
and has shown good agreement with experimental results [84], also as implemented in
the TAU code [74]. For the 3D VTP some experimental data is available which is used
to assess the influence of the turbulence model in Sec. 3.5.
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3.4 Experimental Setup

For the validation of the numerical studies on the 3D vertical tail experimental results
are consulted. This allows a comparison also for this highly three-dimensional flow
including separations and a better view on the agreement with the turbulence model
used for the numerical calculations. The experimental study was conducted in the
“Modell-Unterschallwindkanal Braunschweig” (MUB) of the Institute of Fluid Mechanics
of the TU Braunschweig. It is a closed-loop (Göttingen type) atmospheric wind tunnel.
The maximum freestream velocity is 60 m/s. The closed measurement section has a
size of 1.3 m times 1.3 m and a length of 3 m. To compensate for the growing of the
boundary layer on the wind tunnel walls, the measurement section floor and ceiling
diverge downstream by an angle of 0.2◦. The turbulence level is about 0.2% at a flow
velocity of 53 m/s. The wind tunnel is driven by a 300 kW direct current voltage motor.

The same vertical tail geometry at the same scale as in the numerical study was used for
the experimental investigation as well. The model is manufactured from carbon fiber
reinforced plastic and aluminium. It is attached to a turntable which is part of the wind
tunnel floor. Thus it can be rotated to enable a variation of the sideslip angle.

The measurements were done at a flow velocity of 57 m/s, corresponding to a Mach
number of 0.16, with the temperature in the measurement section held constant at about
36 ◦C. This leads to a Reynolds number at the mean aerodynamic chord of the vertical
tail of about 1.88 · 106 at a reference length of 0.5285 m. At the fin’s leading edge a
zig-zag shaped tape is placed to ensure a fully turbulent boundary layer which is also
present in the numerical investigations and which is assumed to be the case for full-scale
flight conditions.

The wind tunnel model is equipped with 166 pressure taps in six sections. The location
of the sections is shown in Fig. 3.5. The distance between the taps is reduced close to the
leading edge of fin and rudder to better resolve the suction peaks at these positions. An
under-floor mounted balance is used to measure side force, drag and moment about the
longitudinal axis of the vertical tail. For each data point 1000 samples were taken with a
sampling frequency of 100 Hz. The accuracy of the pressure transducers is 17 Pa.

Fig. 3.5 Pressure measurement sections of the wind tunnel model.

For the actuation six separate regions in spanwise direction exist for which the mass
flow rate can be controlled individually. The slot height was adjusted to fit the one



30 3 Verification and Validation of the Numerical Setup

from the numerical investigation as close as possible. A conservative estimation of
the maximum slot height deviation is ±0.01 mm with the maximal slot height being
0.45 mm at the root and 0.22 mm close to the tip. Apart from the force and pressure
measurements, oil flow visualizations were made for a few selected flow conditions.
More details can be found in the description of the experiments by Singh [85].

The surrounding wind tunnel walls lead to a constriction of the flow passing the wind
tunnel model. This constriction accelerates the flow around the model, which would
not occur in free-flight conditions. This is called solid blockage effect. The blockage is
calculated by the projected area of the model onto the wind tunnel exit divided by the
cross section area of the wind tunnel. The blockage effect increases when the rudder
is deflected and the sideslip angle is increased which is realized in the wind tunnel
by rotating the model using the turntable. In the literature it is usually stated that the
blockage should be below 10% [86]. For the VTP with 30◦ deflected rudder the blockage
is 4.6% for a sideslip angle of 0◦ and about 7.5% for a sideslip angle of 9◦. These values
are still well below the limit of 10%.

Other wind tunnel effects changing the flow compared to a free flying model are wake
blockage, straightening of the streamline curvature and buoyancy. The wake blockage
arises since the wake of the model with its reduced velocity has a similar effect as a
solid body. This leads to an acceleration of the flow outside of the wake due to the
presence of the wind tunnel walls. The effect called buoyancy is due to the growth of
the boundary layer along the wind tunnel walls which is equivalent to a contraction
leading to an acceleration of the flow, causing a drop in the static pressure. This effect is
reduced in the MUB due to an increase of the sectional area inside the measurement
section through inclining ceiling and floor by 0.2◦. In addition, the wind tunnel walls
artificially straighten the curvature of the streamlines around the model. This leads
to an increase of the angle of attack, increasing the side force coefficient of the model
compared to a free flight model. From the wind tunnel test only the raw, uncorrected
data is available which is used for comparison with the CFD results.

3.5 Comparison of Numerical and Experimental Results

In this section the comparison of the numerical and experimental results is presented
to assess the validity of the numerical approach used. Compared to results shown in
Sec. 4.3 a small part of the blowing slot at the tip is deactivated. This area is affected by
the tip vortex and has been shown not to contribute much to the gain in side force. It was
therefore not used during the wind tunnel test campaign. This made the slot integration
with the very limited space in the tip sections easier and also led to an efficiency increase
since mass flow rate could be saved for the same gain in side force coefficient.

Since the mass flow rate is directly available from the wind tunnel measurements, this
value is used to compare to CFD results at the same mass flow rate. Since the CFD
mass flow rate was the target value during the wind tunnel measurements, a good
comparison is possible. The CFD results were used to design the tangential blowing
slot, which was then later investigated in the wind tunnel. So all numerical results
were obtained before the experimental results with blowing were available. For the
3D baseline flow, however, some experimental data were available beforehand and
used for understanding and selecting the numerical approach for the 3D calculations.
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All wind tunnel test results shown in the following sections were provided by the TU
Braunschweig (TU-BS).

3.5.1 Baseline Configuration Without Blowing

At first, emphasis is put on understanding the baseline configuration without blowing.
The typical planform parameters of a 3D vertical tail with large rudder deflection with
its highly three-dimensional flow on the rudder make this configuration challenging.
Results from previous wind tunnel test campaigns with the baseline configuration were
available to compare to the CFD results and are shown in Fig. 3.6 as black or dark
lines. In this figure the side force coefficient increment ∆CS is depicted vs. the sideslip
angle β. The increment is referenced to the value obtained with the SARC turbulence
model at zero sideslip angle. Some variations are visible between the first two wind
tunnel campaigns while the second and third, which are the most important ones for the
comparison with the activated blowing slots, are in good agreement. This highlights that
the absolute values from the experiment can vary and that factors like the consistency
in the setup of the geometry and the measurement system might play a role.

Fig. 3.6 Side force coefficient versus sideslip angle, 3D VTP, baseline configuration,
various calculation proceeds, wind tunnel test results by TU-BS [56, 59, 85, 87]

For the numerical approach based on RANS-simulations two different turbulence
models are used. These are the one-equation Spalart-Allmaras turbulence model with
additional rotation and curvature correction (SARC), which has shown good agreement
in other investigations (see Sec. 3.3), and the seven-equation RSM turbulence model. The
vertical tail is mounted on an inviscid base plate with a symmetry boundary condition
and simulated without modeling the surrounding wind tunnel walls. The RSM results
show quite a bit of oscillation in the convergence of the coefficients. These were averaged
to obtain the mean values given here. It can be observed that the RSM-based curve
has the same gradient as the SARC-based result but a significantly reduced side force
coefficient and also an earlier side force breakdown.

The SARC curve lies in principle on the wind tunnel results of the last two campaigns.
The results were obtained by computing the subsequent sideslip angle always as a
restart from the previous angle. The largest difference is the behavior at large sideslip
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angles. Here, the CFD result features an abrupt breakdown of the side force coefficient
while the side force gradient reduces gradually in the wind tunnel result before the
level of CS plateaus. Despite this difference, the same stall mechanism was found in
CFD and experiment with a leading edge separation at the tip of the fin. This can be
observed in a surface plot of the CFD result in Fig. 4.47 and in the following two sets of
pressure coefficient distributions comparing CFD and wind tunnel test in Fig. 3.7 and
Fig. 3.8. These figures show the six sections where pressure information is available
in the experiment for three different sideslip angles. At 0◦ and 7◦ a good agreement
between wind tunnel test and CFD results can be observed while at 10◦ some deviations
are visible. At this sideslip angle the stall causing the side force breakdown has already
happened in the numerical simulations. For the CFD results, the Cp-values at 10◦ sideslip
angle are less negative on the fin in the upper sections on the suction side than at 7◦.
For the wind tunnel results, the values at 10◦ show that the suction peak has vanished
as well, but that the Cp has become more negative downstream, partially offsetting the
loss in the suction peak, leading to the more gradual stall observed in Fig. 3.6. Looking
now just on the results for the 10◦ sideslip angle, in the experiment more negative Cp is
generated on the suction side, thus leading to a higher side force as in the CFD results.
In addition, the spanwise extent of the fin separation is smaller in the experimental
results, contributing further to a more gradual side force reduction.

To investigate the reason for the different behavior of the CS vs. β curve at high sideslip
angles a few variations in the CFD approach were examined, including a change of the
multi-grid scheme and a variation in the Courant-Friedrichs-Lewy (CFL) number which
limits the time step size for each cell in order to keep the semi-implicit LUSGS scheme
stable. Furthermore, also simulations which include the viscous wind tunnel walls were
performed using both the SARC and the RSM turbulence model. These lead to an offset
of the CS vs. β curve and also to a small increase in the gradient of the curve. It can be
observed that the stall occurs now at an even lower sideslip angle — although it could
be argued that the stall is also a bit less abrupt and slightly closer to the behavior seen
in the experiments. However, in the region of linear CS-increase the sectional pressure
coefficient distributions from the SARC-based computations without wind tunnel walls
still exhibit the best agreement to those from the wind tunnel test.

To visualize this, the pressure coefficient distributions representing the RSM turbulence
model results are added to those obtained with the SARC turbulence model and to the
wind tunnel test results for the sideslip angles 0◦ and 7◦ in Fig. 3.9 and for the sideslip
angles 0◦ and 10◦ in Fig. 3.10. The RSM turbulence model results are the ones with
the simulated wind tunnel walls shown in Fig. 3.6 where the side force coefficient vs.
sideslip angle curve is the second-closest to the wind tunnel results. For the lowest
section the main differences of the RSM Cp-distribution are on the rudder for both small
and large sideslip angles. Moving to higher sections along the vertical tail span also
differences on the fin become more apparent, leading in most cases to less negative
Cp-values compared to the wind tunnel results and also to the SARC-based results at
β = 7◦ and β = 10◦. The earlier stall observed for the RSM turbulence model results is
reflected in a reduction of the fin leading edge suction peak. Thus, not only the side
force coefficient of the SARC-based results shows a better match to the wind tunnel
results but also the pressure coefficient distributions.

Since the turbulence models were designed for attached flow only, the separation might
not be predicted correctly. Furthermore, the results shown are from a steady calculation
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Fig. 3.7 Sections of pressure coefficient distribution, 3D VTP, baseline configuration
compared to wind tunnel results provided by TU-BS [85], β = 0◦ and β = 7◦

Fig. 3.8 Sections of pressure coefficient distribution, 3D VTP, baseline configuration
compared to wind tunnel results provided by TU-BS [85], β = 0◦ and β = 10◦
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Fig. 3.9 Sections of pressure coefficient distribution for SARC and RSM turbulence
model results, 3D VTP, baseline configuration compared to wind tunnel results
provided by TU-BS [85], β = 0◦ and β = 7◦

Fig. 3.10 Sections of pressure coefficient distribution for SARC and RSM turbulence
model results, 3D VTP, baseline configuration compared to wind tunnel
results provided by TU-BS [85], β = 0◦ and β = 10◦
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and separation is an inherently unsteady phenomenon. Therefore, an unsteady RANS
(URANS) calculation is performed for the sideslip angle where the side force breakdown
occurs, started from a converged steady solution of a smaller sideslip angle in the linear
range. This resulted in the same stall behavior, though. The decrease in CS is quite
similar and shows this abrupt loss in side force as well.

It was also checked whether the already fine mesh resolution might still be too coarse to
capture some effects. A significant increase in the number of mesh points by a factor of
about 2.5 was realized with an emphasis in refining not only the rudder but also the
fin. This again did not lead to any noticeable differences in the results. Neither the side
force changes nor does the Cp-distribution or the stall behavior.

It was also investigated if this sudden stall might be an effect triggered by the small
Reynolds number compared to full-scale flight conditions. This was also found not to
be the case. For the flight Reynolds number the stall behavior is the same but occurs at
higher sideslip angles.

All investigations described above could not reveal the cause for the difference in the
stall behavior between wind tunnel test and CFD. For the design of the blowing slots the
linear part of the side force increase is more important. In this area the largest increase
in CS can be achieved. Here, the SARC turbulence model without wind tunnel walls
leads to the best agreement. It has to be kept in mind that the wind tunnel results are
not corrected for wind tunnel effects. However, this is in general only done for the
force coefficients. The Cp-distributions in particular agree quite well for the approach
chosen. They are normally not corrected, although a correction of the sideslip angle
and flow conditions might lead to an offset in the sideslip angle where the results are
compared. The surface flow topology of the wind tunnel oil flow visualization and the
CFD skin friction lines agree well as shown in Fig. 3.11. The flow pattern especially in
the lower third of the rudder is very similar with the streamlines at the bottom going
first towards the trailing edge and then turning in a curved route towards the hinge
line. In the upper part of the rudder there is a separation line in the wind tunnel oil flow
visualization at about one third of the rudder chord moving a bit downstream further
towards the tip which is not visible in the CFD results. Here the discrepancy might be
due to the turbulence model or small differences in geometry or flow conditions. In the
CFD solution the flow separates already at a more forward position directly at the step
from fin to rudder caused by the slot integration. The aft part of the rudder looks again
very similar with skin friction lines going in the same upward direction as in the wind
tunnel test visualization. In summary, due to the good overall agreement of the SARC
turbulence model-based free-flight simulations as shown above, this setup is used for
the design of the blowing slots by numerical methods.

3.5.2 Blowing Slot Configurations

This section shows the comparison of wind tunnel and CFD results when blowing is
active. The curves for the side force coefficient versus sideslip angle are depicted in
Fig. 3.12(a) for the continuous slot and in Fig. 3.12(b) for the discrete slots. As it will
also be explained in Sec. 4.3 dealing with the 3D slot design, the side force coefficient
increases with increasing mass flow rate and/or jet velocity. The curves are basically
offset to higher magnitudes of CS. The higher the mass flow rate, the higher the side
force gain becomes. The dashed lines represent the wind tunnel results provided by the
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(a) WTT, zoom on the rudder on the right, oil flow
visualization from [88]

(b) CFD, skin friction lines

Fig. 3.11 Side view of the vertical tail with comparison between wind tunnel test
(WTT) and CFD, baseline configuration, β = 0◦

TU-BS. In principle, the numerical results predict the same trend as the wind tunnel
results. In general the stall angle varies a bit by 0.5◦ to 1◦. Since the step size in the
sideslip angle is just 1◦ in CFD, part of the deviation could be due to the discretization
in sideslip angle. Also deficiencies in the turbulence model to predict the stall precisely
as well as small differences in geometry or flow conditions could contribute to the slight
differences in the stall angle. Overall, the stall characteristics are now the same for CFD
and wind tunnel with a sudden decrease in the side force magnitude to a value closer to
that of the respective baseline configuration without blowing.

For the continuous slot the cases with higher mass flow rate agree quite well in absolute
values as well as in the side force gradient in the linear side force regime. For the
two smaller mass flow rates CFD over-predicts the side force gain compared to the
wind tunnel test results. This is investigated in more depth by comparing the pressure
coefficient distributions for zero sideslip angle exemplarily for a low and a high mass
flow rate in Fig. 3.13. For the low mass flow rate the flow is not fully attached on the
rudder. In CFD, this leads to very small oscillations in the convergence which originate
from a change in the solution at the tip of the rudder, indicating a certain level of
unsteadiness there. This unsteadiness might cause the different Cp-distribution at the
tip section, but this cannot be seen in the time-averaged results from the wind tunnel
test. Apart from that, the wind tunnel test results and the ones from CFD agree quite
well, both for the low and the high mass flow coefficient. Also, the surface skin friction
lines of the numerical results and the oil flow visualization from the experiment exhibit
good agreement as can be seen in Fig. 3.15. Thus, CFD seems to be capable of predicting
the experimental results for the continuous slot quite well.

For the discrete slots configuration the side force coefficient in Fig. 3.12(b) agrees well
between CFD and wind tunnel test results for the lower of the two mass flow rates.
For the larger mass flow rate, where the jet velocity is already close to the speed of
sound, the side force gain in CFD is a bit smaller than measured in the wind tunnel
test. However, the comparison of the pressure coefficient distributions for the case at
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(a) Continuous slot (b) Discrete slots

Fig. 3.12 Side force coefficient versus sideslip angle, 3D VTP, comparison between
wind tunnel test results provided by TU-BS [85] and CFD.

higher mass flow rate shows again a good agreement of the numerical and experimental
results as documented in Fig. 3.14.

Especially the sections on the lower half of the vertical tail fit well while for the upper
half a slightly more negative pressure on the suction side of the fin can be seen in
the experimental results. This might be the reason for the larger side force coefficient
predicted in the experiment. Also, for some sections on the rudder suction side the
CFD results depict some bumps in the Cp-distribution due to the vortices caused by the
discrete jets. This cannot be seen in the wind tunnel test results. A reason might be that
the results in the wind tunnel are time-averaged. If the vortex is moving during the
averaging time or/and the discretization of the pressure taps is too sparse to capture such
effects it would not be visible in the measurements. Overall, the effect of the discrete
slots is captured quite well in CFD what can also be seen in the comparison of the oil
flow visualization and the skin friction lines shown in Fig. 3.16. The small separation
between the jets of two adjacent slots close to the rudder shoulder, which become more
irregular towards the tip, can be found in both.

3.6 Summary

The influence of spatial and time discretization on the CFD simulation results was
investigated and an adaptation of the mesh and parameter setting done according to
the outcome. With regard to the turbulence model no final conclusions could be drawn
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Fig. 3.13 Sections of pressure coefficient distribution, 3D VTP, comparison with wind
tunnel results provided by TU-BS [85], β = 0◦, for two different mass flow
coefficients Cṁ, continuous slot

Fig. 3.14 Sections of pressure coefficient distribution, 3D VTP, comparison with wind
tunnel results provided by TU-BS [85], β = 0◦, for one mass flow coefficient
Cṁ, discrete slots
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(a) WTT, zoom on the rudder mid-span seg-
ment, oil flow visualization from [88]

(b) CFD, skin friction lines

Fig. 3.15 Side view of the vertical tail with comparison between wind tunnel test
(WTT) and CFD, continuous slot configuration, β = 0◦, Cṁ = 3.15 · 10−3

(a) WTT, zoom on the rudder on the right, oil flow
visualization from [88]

(b) CFD, skin friction lines

Fig. 3.16 Side view of the vertical tail with comparison between wind tunnel test
(WTT) and CFD, discrete slots configuration, β = 0◦, Cṁ = 0.81 · 10−3
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from the initial 2D investigation due to a lack in experimental data to compare with.
Here just the resemblance of similar cases with a similar application could be used as an
indication. For the 3D vertical tail in the end some experimental data is available which
is used for a comparison with the numerical results.

This comparison with the experimental data shows that the numerical setup used is
capable to capture the flow characteristics as well as all relevant effects correctly in the
linear region, with and without blowing activated. The same trends are obtained, not
only for the continuous blowing slot but also for the discrete slots. Even though there is
some deviation between wind tunnel test and CFD results in the absolute CS values
for a few combinations of slot configuration and mass flow, the overall agreement is
quite good. This shows that the use of CFD with the developed mesh setup, the selected
parameter settings including the selected SARC turbulence model and the proposed
simulation process is a suitable way to design the tangential blowing slots.



4 Studies of Mechanisms and Effects
of Tangential Blowing on a Vertical
Tail

In this chapter the mechanisms and effects of tangential blowing on a vertical tail
geometry are studied supporting the design of a tangential blowing slot. The location
of the slot was selected from a multidisciplinary point of view at the end of the fin as
described in Sec. 1.2. Developed around a common baseline geometry, flow calculations
with varying complexity were performed. Compared to a wing, 3D effects are stronger
on a loaded VTP due to its low aspect ratio and high sweep angle. With the rudder
deflected, this three-dimensionality of the flow increases for the same loading. This
is further amplified due to partial flow separations at large rudder deflections as
investigated in this work. At high loading, the VTP tip and rudder root vortex become
stronger and thus also have a wider-ranging impact on the overall flow around the VTP
with its low aspect ratio. For the examination of effects like small geometric changes
this would complicate the interpretation of the results quite a lot. To allow a separate
analysis of the different contributing factors, the 3D effects are disregarded for some
investigations allowing a better identification of the design change impact itself. The
geometric complexity is then increased from the 2D geometry to a 2.5D geometry. This
allows to investigate the influence of the sweep and of effects in spanwise direction like
a variation of the slot length. The result of this study is then used as a basis for the 3D
investigations with the highest complexity in terms of geometry and flow topology.

4.1 Investigations Based on a Vertical Tail Section

Two-dimensional investigations based on a vertical tail section serve as a starting point
for the development of the tangential blowing slot. The airfoil used is a section taken
from the 3D VTP with deflected rudder. It is extracted at 50% of the span and depicted
in Fig. 2.2. The Reynolds number is 2.24 · 106 based on the extracted airfoil’s chord
length at a Mach number of 0.2 or a flow velocity of 69 m/s.

In a first step, the momentum coefficient cµ is increased gradually to asses the effect of
the blowing. The sideslip angle is also varied. In a next step geometric variations are
carried out like changing the slot height and examining the effect of geometric details in
the vicinity of the slot. In addition, the effect of pulsed blowing is investigated.

41
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4.1.1 Variation of the Blowing Momentum Coefficient

Without blowing the flow over the rudder is separated already at zero sideslip angle
which is used for the blowing momentum variation investigation presented here. This
is visualized in Fig. 4.1(a). Activating constant blowing and increasing the momentum
coefficient by increasing the jet velocity pushes the onset of the flow separation on
the rudder towards the trailing edge. This leads to a higher rudder suction peak, i.e.
increased negative pressure coefficients, and to a higher fin leading edge suction peak
as depicted in Fig. 4.1(b), Fig. 4.1(c) and Fig. 4.1(d).

(a) cµ = 0 (b) cµ = 0.006

(c) cµ = 0.01 (d) cµ = 0.02

Fig. 4.1 Flow field showing the field pressure coefficient distribution including stream-
lines.

In Fig. 4.2 the side force and drag coefficients are depicted versus the momentum
coefficient. The values of the side force and drag coefficient are given as increments
referenced to the value resulting from the flow calculation without blowing. A positive
side force increment represents an increase compared to the reference value. A negative
∆cD stands for a reduction of the drag coefficient. The force coefficients are obtained by
integration of surface pressure and skin friction excluding the jet boundary plane.

In general, the side force coefficient increases with increasing momentum coefficient.
Without blowing activated, the flow is fully separated over the rudder. The larger cµ
and the jet velocity, the longer the flow is able to sustain the adverse pressure gradient
on the rudder. This improves the attachment of the flow there, leading to an increase
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Fig. 4.2 Side force and drag coefficient increment over a variation of the momentum
coefficient.

in side force. At cµ = 0.01 only a very small separation near the rudder trailing edge
remains and at cµ = 0.014 the flow on the rudder is fully attached. At cµ = 0.02 the
jet velocity is higher than needed for complete flow attachment. Between momentum
coefficients of 0.01 and 0.015 the efficiency of the active flow control reduces, leading to
a reduced increment in cS for a constant increment in the momentum coefficient. The
cµ-range beyond fully attached flow is called circulation control, the range below is
called separation or boundary layer control. This is a typical behavior of circulation
control applications [24, 25].

The drag coefficient in general decreases with increasing momentum coefficient since
the separation on the rudder is reduced. This leads to a reduction in pressure drag.
After the flow on the rudder is fully attached, the drag coefficient increases slightly
for very large momentum coefficients. This increase is due to the friction drag which
gradually increases with increasing cµ or jet velocity when the velocity differential and
thus friction between the jet and the surface is increased.

For a very small cµ = 0.001 the effects described above are reversed leading to a decrease
in cS and an increase in cD compared to the case without blowing. This occurs since
the momentum of the jet is smaller than the momentum of the surrounding flow even
before the now slightly upstream-moved separation point leading to a detrimental effect
on the flow.

4.1.2 Variation of the Sideslip Angle

The sideslip angle is varied for two momentum coefficients: without blowing, i.e. cµ = 0,
and for cµ = 0.01. With increasing sideslip angle β the side force coefficient cS increases
with and without tangential blowing as illustrated in Fig. 4.3. The curve of the results
with blowing activated is shifted towards higher side force values compared to the one
without blowing. This is due to the reduction of the separation on the rudder which in
turn leads to an increase in cS. However, the sideslip angle at which the maximum side
force coefficient is obtained is lower for the case with blowing. These findings coincide
quite well with the results of other experimental and numerical investigations using
tangential blowing near a flap leading edge [24, 89]. In the investigation presented here,
an airfoil leading edge stall occurs which is responsible for the side force breakdown.
If the side force coefficient needs to be increased further, improvements to extend the
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usable range of sideslip angles need to be introduced in addition, like for example
leading edge blowing. Since the offset between the curves of the two different blowing
momentum coefficients is approximately constant in the linear range, the exact sideslip
angle used for the following investigation does not play a significant role and a sideslip
angle of 0◦ is selected.

Fig. 4.3 Change in side force coefficient vs. sideslip angle with and without blowing.

4.1.3 Variation of the Slot Height

The slot height has an effect on the side force coefficient which can be reached at a
constant momentum coefficient [90]. In a recent circulation control application with a
deflected plain flap of a high wing aircraft a dimensionless slot height of hSlot/c = 0.0006
was used with good results in terms of efficiency of the flow control system [91]. It
was therefore selected as starting point for the work here, complemented by a halved
slot height with hSlot/c = 0.0003 and a doubled one with hSlot/c = 0.0012. Results for this
variation are shown in Fig. 4.4. They reveal that for momentum coefficients between
0.01 and 0.014, where the flow is mostly or fully attached, the reference slot height leads
to the largest increase in the side force coefficient for the same cµ. The definition of the
momentum coefficient (see Eq. (1.1)) includes apart from the jet velocity also the slot
exit area. This means that for a smaller slot height and therefore smaller slot exit area
the jet velocity has to be increased to obtain the same cµ. The opposite is true for the
increased slot height where the jet velocity needs to be decreased for the same cµ.

Even though the reference shot height leads to the largest increase in side force at
cµ = 0.01, halving the slot thickness has a different influence on the magnitude of the
side force increment than doubling the slot thickness. For the smaller slot height the
results are close to those of the reference slot height, while the reduction of ∆cS is much
larger for the case with doubled slot height. One difference between the three cases is the
ratio of jet to freestream velocity, which is approximately 3 for the reference slot height.
For the smaller slot height, where ∆cS is very close to the one from the reference slot



4.1 Investigations Based on a Vertical Tail Section 45

height, the velocity ratio is even higher. This means that for the cases investigated here
and at constant cµ about the same ∆cS results for velocity ratios above 3. For the larger
slot height the jet velocity is reduced for the same cµ since the jet exit area is increased.
This leads to a reduction of the velocity ratio as well which is now only around 2. This
reduction in the velocity ratio between jet and outer flow seems to be significant, leading
to a noticeable reduction of the side force coefficient increment. For both smaller and
larger slot height a small increase in the drag coefficient can be observed. For larger cµ
and larger slot height with the corresponding reduced jet velocity, cD reduces slightly
since the skin friction coefficient is reduced.

The mass flow coefficient for the three different slot heights is depicted in Fig. 4.5. For
a prescribed side force coefficient the mass flow coefficient or mass flow rate can be
reduced for the smaller slot height. This makes the smaller slot height advantageous. For
the larger slot height this is reversed making it less favorable. However, a disadvantage
of the smaller slot height could be that it leads to an increase of pressure in the plenum.
This might require a stronger structure to avoid a change in the slot geometry when
blowing is active. Therefore, for the subsequent studies it was decided to proceed with
the reference slot height of hSlot/c = 0.0006.

Fig. 4.4 Side force and drag coefficient
increment vs. momentum coef-
ficient for three different slot
heights

Fig. 4.5 Side force coefficient increment
vs. mass flow coefficient for three
different slot heights

4.1.4 Effect of the Step Behind the Slot

In this section the two geometries depicted in Fig. 4.6 are investigated. An idea to
improve the efficiency of the tangential blowing was to make the rudder slightly thinner
so that the jet does not directly blow against the rudder surface. It is assumed that the
slot cannot be directly attached to the rudder for integration in a series-production VTP.
This would allow manufacturing the rudder unchanged versus a conventional rudder
where the rudder shoulder is just a curved piece of sheet metal. It extends only a small
distance into the fin, i.e. the rudder leading edge is not closed. Therefore the upper
as well as the lower slot wall need to be integrated into the fin. The lower slot wall
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would need to have a certain thickness to be stiff enough to keep its shape even at a
high pressure in the slot. This inside wall thickness will cause a step from the slot to
the rudder shoulder. In many investigations (e.g. [24, 12, 92]) no such step exists in the
numerical or experimental setup. The influence of including such a step is investigated
here.

(a) Thinner rudder with step (b) Thinner rudder without step

Fig. 4.6 Geometry in the vicinity of the slot with and without step

Mach Number Distribution

In Fig. 4.7 the Mach number distribution in the vicinity of the slot is visualized together
with velocity profiles. For the configuration with step in Fig. 4.7(a) a recirculation area
below the slot exists. It is closed by the corner geometry of the step on one side and by
the jet on the upper side. This recirculation area with reversed flow decelerates the jet
before it impinges on the rudder shoulder. This is not the case for the geometry where
this step does not exist. The Mach number is larger further downstream of the slot exit
and therefore improves the attachment of the flow on the rudder to a higher degree.

(a) Slot angle 0◦, thinner rud-
der

(b) Slot angle 0◦, no step

Fig. 4.7 Variation of the Mach number in the vicinity of the slot for the geometry with
and without step at cµ = 0.01

Side Force and Drag Increments

The effects observed in the Mach number distribution contribute in summary to a
beneficial effect when no step is present. With blowing activated at cµ = 0.01 the side
force coefficient is increased by about 4.4% and the drag coefficient is decreased by
11.5% for the configuration without step.

4.1.5 Effect of the Rudder Thickness Behind the Slot

For the previous investigations in Sec. 4.1.4 the geometry of the rudder was made thinner
as shown in Fig. 4.8(a). The intention was to allow the jet to pass the rudder shoulder
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in a tangential way and not to blow directly onto it. In reality, this would require a
modification of the rudder or the fin compared to a non-AFC enhanced vertical tail.
The resulting additional step from the fin to the rudder would be present during cruise
flight as well and might not be desirable. Therefore, the geometry with the original
thickness rudder shown in Fig. 4.8(b) is investigated as well.

(a) Thinner rudder (b) Original rudder

Fig. 4.8 Geometry in the vicinity of the slot with thinner and original rudder

Mach Number Distribution

In Fig. 4.9 the Mach number distribution in the vicinity of the slot is visualized together
with velocity profiles for the thinner and the original rudder. Obvious is the much larger
area of reduced velocity in the corner of the step in Fig. 4.9(a) for the thinner rudder
compared to Fig. 4.9(b) with the original-thickness rudder. Since the rudder was made
thinner also the step height from the rudder shoulder to the slot is increased as shown
in Fig. 4.9(a). This leads to this relatively large area of reversed and low-velocity flow
which is not only extended in height but also in length in flow direction. This larger
area of low-energy flow also leads to an increased exchange and transfer of energy from
the high-energy jet to this recirculation area.

The idea behind making the rudder thinner was that the jet could pass the rudder
shoulder tangentially. It should not be decelerated by blowing directly onto the surface.
However, as Fig. 4.9(a) reveals, the jet does not travel straight after leaving the slot.
It is sucked towards the rudder surface by the recirculation area with its relatively
low pressure. Therefore, the initial idea does not work and is not of any benefit here.
Due to this, the geometry with the same slot angle of 0◦ but original rudder thickness
(cf. Fig. 4.9(b)) and thus smaller step height leads to an increased jet velocity further
downstream on the rudder in comparison.

(a) Slot angle 0◦, thinner rud-
der

(b) Slot angle 0◦, original rud-
der

Fig. 4.9 Variation of the Mach number in the vicinity of the slot for the geometry with
thinner and original rudder at cµ = 0.01
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Side Force and Drag Increments

Similar as for the configuration without step (cp. Sec. 4.1.4) the original rudder geom-
etry leads to an increased side force and decreased drag coefficient compared to the
configuration with the thinner rudder. However, the gain in side force is only about half
of the value obtained by removing the step in the geometry. Comparing to the thinner
rudder geometry the side force coefficient increases by 2.8% and the drag coefficient
decreases by 6.9%.

4.1.6 Effect of Slot Angle Variation

For the geometry with the original rudder the influence of a variation of the slot angle is
investigated. The slot angle is defined as shown in Fig. 4.10. The different geometries are
given in Fig. 4.11. The slot geometries presented in the previous sections were parallel
to the fin surface, corresponding to a slot angle of 0◦.

Fig. 4.10 Definition of the slot angle

For the slots with an angle to the fin surface the slot is constructed in such a way that the
lower slot surface or its extension meets the rudder shoulder in a tangential way. Due to
this, the size of the fin trailing edge thickness above the slot and the step below the slot
change. The overall height of step plus fin trailing edge is constant for all geometries.
The slot angle is increased from 0◦ as shown in Fig. 4.8(b) in the previous section to 4◦

and 8◦. When increasing the angle to 15.6◦ the step below the slot vanishes. For an even
larger slot angle of 24◦ the slot is connected tangentially to the rudder shoulder inside
the fin and needs to be extended by adding a curved part to the slot up to the end of
the fin. By doing this the slot height can be kept constant. For the geometry with a slot
angle of 8◦ the slot angle is increased by another 6◦ as shown in Fig. 4.11(c) by rotating
the slot around the slot exit lower point to examine the effect of a deviation from the
tangential design approach.

(a) Slot angle 4◦ (b) Slot angle 8◦ (c) Slot angle 8◦ + 6◦

(d) Slot angle 15.6◦ (e) Slot angle 24◦

Fig. 4.11 Geometry in the vicinity of the slot with different slot angles and geometries
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Mach Number Distribution

For the different geometries with varying slot angle the Mach number distribution in
the vicinity of the slot is visualized together with velocity profiles in Fig. 4.12. Due to
the varying position of the slot exit in z-direction in principle one main difference can
be observed. Fig. 4.12(a) to Fig. 4.12(c) show geometries with a fin trailing edge and
a step below the slot. In contrast to this, the geometries with a slot angle of 15.6◦ and
24◦ shown in Fig. 4.12(d) and Fig. 4.12(e) have no step below the slot. Since there is
no step in these cases, no recirculation area exists below the slot. In addition, the jet
is not decelerated before it impinges on the rudder shoulder since it remains attached
to the surface after leaving the slot. However, above the slot the fin trailing edge has
thickened, leading to an enlarged recirculation area there. This entails losses compared
to the geometry without the step, see Fig. 4.7(b), which has only a very small fin trailing
edge thickness.

The geometry with a slot angle of 4◦ in Fig. 4.12(a) has a comparatively thin fin trailing
edge which might be too small for manufacturing and structural strength requirements.
But from an aerodynamic point of view this thin fin trailing edge leads to a considerable
reduction in the size of the recirculation area behind it. On the other hand, the step
towards the rudder shoulder is increased compared to the geometry with 8◦ slot angle
as shown in Fig. 4.12(b).

Apart from the size of the recirculation areas, which are dependent on the thickness of
the fin trailing edge and the height of the step, a change in the direction of the jet can be
observed. This redirection does only take place if there is a low pressure recirculation
area below the jet (Fig. 4.12(a) to Fig. 4.12(c)) since the jet cannot remain attached to the
rudder surface at the slot exit.

(a) Slot angle 4◦ (b) Slot angle 8◦ (c) Slot angle 8◦ + 6◦

(d) Slot angle 15.6◦ (e) Slot angle 24◦

Fig. 4.12 Variation of the Mach number in the vicinity of the slot for different slot
angles and geometries.
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Velocity Profiles

A direct comparison of the velocity profiles is shown in Fig. 4.14. In Fig. 4.13 the location
of the profiles is given exemplarily for the 0◦ slot. The position of the maximum velocity
in each velocity profile varies for the first velocity profiles depending on the position of
the slot at the fin trailing edge. For comparison also the result for the 0◦ slot angle with
the original rudder is included.

The largest differences can be found for the velocity profiles close to the slot. Here
the maximum as well as the minimum velocity above and below the slot differ at the
locations where the recirculation area with reduced velocity can be found. The velocity
profiles further away from the slot become more and more similar. They have all in
common that the jet increases the velocity near the surface to a value larger than that
of the outer flow leading to a bulge in the velocity profile. They have a fuller velocity
profile and are therefore more resistant to separation. In contrast to the other calculation
results the velocity profiles for the results with 0◦ and 4◦ slot angle still have a positive
velocity above the slot. For these cases, the fin trailing edge has a smaller height there
leading to the reduced size of the recirculation area.

Fig. 4.13 Geometry in the vicinity of the slot showing the location of the velocity
profiles

Fig. 4.14 Comparison of velocity profiles at cµ = 0.01 in x-direction for a variation of
the slot angle. The vertical line marks zero velocity for the adjacent profile.

Side Force and Drag Increments

In Fig. 4.15 the side force and drag increments for the different slot angle calculations are
presented for cµ-values of 0, 0.01 and 0.02. The results are compared to those obtained
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Fig. 4.15 Comparison of side force and drag coefficient increments versus momentum
coefficient for different slot geometries and slot angles.

with the thinner rudder as reference which is represented by a curve. Additionally
included are the results for the geometry without step and those for the geometry with
the original rudder and a slot angle of 0◦.

It is obvious that all configurations with the original rudder have an increased side
force and decreased drag coefficient compared to the result of the thinner rudder with a
slot angle of 0◦. The reason for this was explained before with the detrimental effect
caused by the increased step height compared to the other configurations. The largest
side force increase results from the geometry without step. These data points were
discussed in Sec. 4.1.4 and are given here just as a reference. All other results for the slot
angle variation with the original rudder thickness are quite close together. The velocity
profiles downstream of the rudder shoulder are also quite similar. To allow a better
differentiation between the results a zoom view is included for cS.

The largest deviation in the results can be found for a momentum coefficient of 0.01.
Without blowing the separation is very similar for all cases since the overall step height
from fin to rudder shoulder is the most influencing parameter. For cµ = 0.02 the jet
velocity is larger than needed for complete flow attachment and due to the large addition
of momentum to the flow small changes in the slot angle have only a minor effect.

The increase in ∆cS which can be achieved for a momentum coefficient of 0.01 by slot
angle modifications is between 1.6% and 3% compared to the reference configuration
with thinner rudder. The largest increase in cS is obtained for the 4◦ slot angle closely
followed by the 0◦ slot angle geometry. This agrees with the findings derived from
the discussion of the velocity profiles above where these two configurations have the
largest jet peak velocity downstream of the rudder shoulder, even if the advantage
is only marginally visible there. The lowest increase in the side force coefficient for
cµ = 0.01 results from the case with the largest slot angle of 24◦. At cµ = 0.01, the
drag coefficient is reduced by 4.3% to 7.5% for the different geometries compared to the
reference geometry.
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The slot angle of 15.6◦ is very similar to the angle of 8◦ + 6◦ = 14◦ which is a special
case since it has a non-tangential slot direction (cf. discussion on page 48). Not only
the angle but also the results for these two geometries are quite similar as well. Also
for the 8◦ slot angle the results are quite close, but here the slot angle is nearly halved.
The fact that only minor differences result although the slot angle was varied quite a bit
shows that the exact angle of the slot is not that critical. The slot does not need to be
exactly tangential to the rudder shoulder and also small variations in the slot angle due
to manufacturing accuracy should have no significant impact on the performance of the
VTP with AFC activated. More important seems to be the size of the recirculation areas
and their effect on the jet.

Pressure Coefficient Distribution

In Fig. 4.16 exemplarily three Cp-distributions are shown for cµ = 0.01. The result for
the slot angle of 15.6◦ is compared with those of the geometry with a slot angle of 0◦

and thinner rudder, which gave the smallest increase in cS, and with the geometry with
a slot angle of 0◦ without step, which gave the largest increase in cS.

The curves for the 15.6◦ slot angle geometry and for the 0◦ slot angle geometry with
thinner rudder are in principle quite similar. The zoom shows that with a slot angle of
15.6◦ the rudder hinge line pressure peak is slightly higher. This leads to a somewhat
better pressure recovery at the trailing edge. Since in subsonic flow pressure information
does not only travel downstream but also upstream this has also an effect on the fin.
The increased circulation shifts the stagnation point at the leading edge further to the
pressure side, thus also increasing the suction peak at the fin leading edge. This explains
the slight overall increase in the side force coefficient for the 15.6◦ slot angle geometry.
Making the comparison to the results of the geometry without step and 0◦ slot angle
shows a similar rudder shoulder pressure peak as for the 15.6◦ angled slot but an even
better pressure recovery at the trailing edge and a larger upstream effect leading to an
increased leading edge suction peak agreeing with the slight increase in the side force
coefficient.

4.1.7 Effect of Pulsed Blowing

In addition to the constant blowing jet used so far, a pulsed blowing jet is examined
as well. For this, unsteady flow calculations are required which need significantly
more computational resources. A top-hat or so-called square-shape function is used
for the pulsed blowing actuation signal. With pulsed blowing the jet is switched off
half the time of one actuation period in the scope of this work in order to reduce the
required mass flow. Different investigations, e.g. for a symmetric NACA 0015 airfoil
with deflected flap [93] at comparable Reynolds numbers, have shown that this can
increase the blowing efficiency since about the same side force coefficient increment can
be obtained with less mass flow. It is investigated here if the same is also true with the
geometry used in this work and with tangential blowing instead of blowing at an angle
to the surface.

During one actuation period spanwise vortices are created due to the pulsed blowing.
This is shown in Fig. 4.17 for a dimensionless frequency F+ = 0.3 and a momentum
coefficient cµ = 0.04. The first snapshot “A” shows the field pressure coefficient
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Fig. 4.16 Comparison of the pressure coefficient distribution at cµ = 0.01 for the
geometry with slot angle 0◦ and thinner rudder, slot angle 15.6◦ and slot
angle 0◦ without step. The pressure distribution of the deflected rudder is
rotated back to where it would be for the undeflected case.

distribution and streamlines a short time after blowing was activated. Without blowing
large parts of the flow over the rudder are separated. The jet pushes against this
recirculation area and squeezes it in flow direction while moving it downstream so that
is gets a bit larger perpendicular to the rudder surface. This is depicted in the following
snapshots “B” and “C”. In snapshot “D” the vortex is already close to the trailing edge.
Now the blowing is switched off. The vortex then leaves the airfoil behind and moves
further downstream. Upstream on the rudder a new separation region has started to
grow close to the rudder shoulder which gets larger during the non-blowing period
and becomes clearly visible in snapshot “F”. At the end of the non-blowing period the
separation is again quite large on the rudder but close to the trailing edge a region with
attached flow still exists.

Two variations using pulsed blowing are presented here: A variation of the momentum
coefficient at a fixed actuation frequency, which is divided into several subsections, and
eventually a variation of the dimensionless frequency F+ for a fixed cµ. Some of the
results were already presented in [94].

Variation of the Momentum Coefficient at Two Fixed Dimensionless Frequencies

Constant Blowing: Steady and Unsteady RANS Results
For the constant blowing results presented before, steady RANS computations were
carried out. Fig. 4.18 shows that the results using steady versus unsteady RANS
simulations differ at low momentum coefficients. The force coefficient depicted for the
URANS result is the value averaged over one actuation cycle. Since the separation on
the rudder is quite large at very low cµ, using steady RANS simulations does not seem to
lead to the correct result due to the unsteadiness of the problem. For cµ larger than 0.004
with gradually reducing separation areas on the rudder the results coincide very well
with the URANS results. This means that the RANS results for very low momentum
coefficients have to be treated with care regarding the absolute values for side force and
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Fig. 4.17 Flow field showing the field pressure coefficient distribution and streamlines
for various snapshots over one actuation period, pulsed blowing, F+ = 0.3,
cµ = 0.004
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drag increments. However, the curve progression stays in general the same. In order
to make an appropriate and consistent comparison to the pulsed blowing jet results,
which can only be calculated using the unsteady approach, the constant blowing cases
also need to be calculated using the URANS equations — at the expense of a highly
increased calculation time.

Fig. 4.18 Side force and drag coefficient increment shown versus a variation of the
momentum coefficient comparing results for constant blowing obtained with
steady and unsteady simulations.

Comparison of Constant and Pulsed Blowing Results
In a next step a variation of the frequency for the pulsed blowing is performed. Two
different dimensionless frequencies are compared to the results with a constant blowing
jet. For these calculations the momentum coefficient is kept constant between both
blowing types. Since for the pulsed jet a duty cycle of 0.5 is used, the jet is only active
half the time. In the formula of the momentum coefficient for pulsed actuation (Eq. (1.2))
the factor DC is added to account for this. After inserting Eq. (1.3) into Eq. (1.2) and
cancelling, the factor DC remains in the numerator in comparison to the equation for
constant blowing. From this it follows that for the pulsing jet the mass flow rate will
be multiplied by a factor of

√
DC leading with a duty cycle of 50% to a reduction of

the mass flow rate by approximately 30%. This reduction of the mass flow rate for the
pulsed blowing results can be found as well when looking at Fig. 4.19(b).

Fig. 4.19(a) reveals another interesting outcome of the study. For low momentum
coefficients the pulsed blowing calculations show a significant increase in cS compared
to the constant blowing jet results. At cµ = 0.003 a side force increment can be achieved
with pulsed blowing which is only possible with constant blowing using a momentum
coefficient which is more than twice as high. However, this large gain in side force in
comparison to constant actuation decreases with increasing momentum coefficient. At
higher values of cµ the side force coefficients achieved with pulsed blowing approach
those resulting with constant blowing. The curves intersect at that value of the momen-
tum coefficient where for constant blowing the flow is fully attached. After this point the
constant blowing leads to higher side force increments. Due to the jet being periodically
inactive with pulsed blowing there is always a part of the rudder where the flow is not
attached, which is avoided when the jet is blowing all the time. This constant blowing
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(a) Side force coefficient increment versus mo-
mentum coefficient

(b) Side force coefficient increment versus the
mass flow coefficient

Fig. 4.19 Comparison of unsteady results for constant blowing with pulsed blowing
(averaged over one actuation period) for two dimensionless frequencies

is only beneficial if the jet is strong enough to lead to a fully attached flow on the rudder.
Similar observations that small mass flows lead to a larger lift increase with pulsed
blowing were reported by Jones in an experimental approach for a circulation control
airfoil with rounded trailing edge [28]. This behavior is true for both dimensionless
frequencies investigated here. The two curves showing pulsed blowing results have a
similar curve progression at a low F+ = 0.3 ( f = 126 Hz) and one being more than three
times larger at F+ = 1 ( f = 420 Hz). Here the results obtained with F+ = 0.3 lead to the
largest side force increments for most values of cµ. The reason for this will be explained
below in a dedicated paragraph about the variation of the dimensionless frequency. The
same applies to the drag coefficient, which is for the calculations at F+ = 1 similar to the
one for the constant blowing calculations over a large range of cµ, but larger at F+ = 0.3.

Field Pressure Coefficient Distribution
For a selected cµ = 0.004 the field pressure coefficient distribution is compared for pulsed
and constant blowing results in Fig. 4.20. For pulsed blowing a selected instantaneous
snapshot after half of the period (t = T/2) is shown for both F+ = 1 and F+ = 0.3 as well
as the mean value over one actuation period. For F+ = 1 the frequency is higher meaning
that one pulse travels faster over the rudder than for F+ = 0.3, but this also leads to a
higher number of jet pulses in total in the same time frame. Therefore, there are more
vortices over the rudder for the F+ = 1 case in Fig. 4.20(a) compared to Fig. 4.20(c) with
F+ = 0.3. When comparing the mean values over one period with the constant blowing
result in Fig. 4.20(e) it is obvious that the constant blowing calculation leads to the
largest and pulsed blowing with F+ = 0.3 to the smallest separation area on the rudder.
The extent of the separation area and the side force coefficient are closely linked — the
smaller the separation area, the larger the side force coefficient. Thus, this agrees with the
results shown in Fig. 4.19(a), where the calculation results at F+ = 0.3 lead to the largest
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side force increment at cµ = 0.004 which was selected for the illustrations presented here.

Field Velocity Distribution
An explanation for the comparably high gain in cS at low momentum coefficients with
pulsed blowing can be found in Fig. 4.21. Here for both dimensionless frequencies
F+ = 1 and F+ = 0.3 field velocity distributions for an instantaneous snapshot are
depicted for two momentum coefficients. At a small value of cµ = 0.002 a high side
force gain compared to constant blowing occurs. For cµ = 0.01 the side force increment
is getting closer to the constant blowing result.

In general, without blowing the flow on the rudder separates just behind the rudder
shoulder. If blowing is active the jet introduces energy into the flow close to the rudder
surface allowing the boundary layer to better sustain the adverse pressure gradient
further downstream on the rudder. The jet also pushes the separated low-energy flow
downstream. While this happens, the region of separated flow is first compressed in
flow direction, increasing its extent in the direction normal to the rudder surface at the
same time. Since the jet with its higher velocity is much faster than the separated flow, it
goes over and around the vortex that had developed over the rudder surface. The high
velocity at the top of the vortices in Fig. 4.21(a) and Fig. 4.21(c) for the cases with low cµ
can be clearly seen. The rotating motion of the vortex is accelerated, receiving not only
energy from the jet itself but also from the outer flow which it reaches due to its large
extent perpendicular to the surface. The velocity at the border of the vortex becomes
relatively high. At the rudder surface the velocity is directed against the onset flow
direction, but the velocity magnitude is the one which is important here. This relatively
high velocity creates a lower pressure near the surface leading to increased suction and
thus side force for this limited area on the rudder. In the 2D pressure distribution in
Fig. 4.22 this can be identified by a bubble or local peak in the distribution.

When looking at the figures for the higher momentum coefficient cases in Fig. 4.21(b)
and Fig. 4.21(d) such a high velocity near the rudder surface inside the vortex can not be
found. The momentum coefficient is much higher and thus reduces the flow separation
to a larger extent but is still not large enough to eliminate the separation completely.
It can be noticed that the extent of the vortex perpendicular to the surface is highly
reduced. For the higher frequency this is true for the extent in chordwise direction as
well. This leads to an increase in the side force coefficient compared to the case at low
cµ. However, since the second effect which draws energy from the outer flow into the
boundary layer is not present here as an additional contributor of energy, the gain in
side force compared to steady blowing is lower.

The results for constant blowing are shown additionally in Fig. 4.21(e) and Fig. 4.21(f).
Here the scale for the side force coefficient in the right upper insert was changed for the
smaller cµ since cS and its variation are much smaller. The side force is approximately
constant due to the constant blowing. The same is true for the size of the separation area.
For cµ = 0.002 in Fig. 4.21(e) it is obvious that no increased velocity near the rudder
surface exists. The jet velocity is also smaller compared to the pulsed blowing. Only
the mean jet velocity is the same and since the pulsed blowing is only active part of the
time it has a higher velocity when blowing is active. For cµ = 0.01 in Fig. 4.21(f) the area
of low velocity seems to be smaller with constant blowing than for the pulsed blowing
calculation at F+ = 0.3. This is indeed true for the specific time step shown which is
at the end of the actuation period for the pulsed blowing, i.e. with blowing already
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(a) Pulsed blowing, F+ = 1, snapshot at T/2 (b) Pulsed blowing, F+ = 1, mean values

(c) Pulsed blowing, F+ = 0.3, snapshot at T/2 (d) Pulsed blowing, F+ = 0.3, mean values

(e) Constant blowing, mean values

Fig. 4.20 Flow field showing the field pressure coefficient distribution and streamlines
where constant and pulsed blowing results are compared for cµ = 0.004.
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(a) F+ = 1, cµ = 0.002 (b) F+ = 1, cµ = 0.01

(c) F+ = 0.3, cµ = 0.002 (d) F+ = 0.3, cµ = 0.01

(e) Const. blowing, cµ = 0.002 (f) Const. blowing, cµ = 0.01

Fig. 4.21 Flow field showing the velocity magnitude distribution and streamlines in
the vicinity of the rudder for different pulsed and constant blowing results at
instantaneous snapshots.
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Fig. 4.22 Pressure coefficient distribution of instantaneous snapshots at the end of an
actuation period for a variation of the dimensionless frequency and cµ.

inactive for ∆t = T/2. When blowing is activated, at some point in the period the flow
is attached on almost the complete rudder. For the mean distribution, this leads to a
smaller area of reversed flow than with constant blowing at the same cµ, explaining the
higher side force coefficient overall. This again coincides with the findings regarding
∆cS shown in Fig. 4.19(a).

Variation of the Dimensionless Frequency at Two Fixed Momentum Coefficients

In Fig. 4.23 F+ is varied between 0.1 and 2 corresponding to frequencies between 42 Hz
and 840 Hz for two momentum coefficients. Results are presented for a higher cµ = 0.01
and a lower cµ = 0.003. As expected, a higher cµ leads to a larger increase in the side
force coefficient. For each cµ a change in the side force and drag coefficient just by
varying the dimensionless frequency can be observed. For cµ = 0.01, F+ = 0.3 leads
to the highest side force coefficient. For larger F+ the curve decreases gradually. With
increasing F+ and thus frequency the pulses are shorter but more often during a certain
time interval. Here the dependency of the side force coefficient on F+ is relatively small.
This behavior coincides well with other numerical and experimental findings [95]. For
the smaller cµ = 0.003 the relatively large separation on the rudder also leads to an
increased variation of side force and drag coefficients when changing the frequency.
The curve shows a more pronounced peak around F+ = 0.6 with a stronger decrease
of the side force coefficient for lower and higher F+. Thus, the maximum side force
coefficient is not only dependent on the frequency itself but also on the momentum
coefficient which is used and the degree of success in reducing the separation.

For the higher value of cµ = 0.01 mean pressure coefficient distributions averaged over
one period are presented in Fig. 4.24. With blowing activated not only an increased
suction peak at the rudder shoulder and a reduced separation on the whole rudder
can be noticed but also an upstream effect with a clearly decreased pressure on the fin
suction side and an increased leading edge suction peak. For different F+ the changes on
the fin are quite small and more pronounced on the rudder. Here the rudder shoulder
suction peak increases with increasing F+ and the pressure coefficient tends to be more
positive towards the rudder trailing edge showing a better pressure recovery. This
agrees with the somewhat reduced cS for the higher F+ because the area between upper
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Fig. 4.23 Side force and drag coefficient
increment versus a variation of
the dimensionless frequency for
two momentum coefficients.

Fig. 4.24 Mean pressure coefficient dis-
tribution for cµ = 0.01 and a
variation of the dimensionless
frequency.

and lower Cp-curve reduces.

4.1.8 Summary

For these investigations, a 2D section of the 3D vertical tail with deflected rudder is
used. The investigations with constant tangential blowing show that the separated flow
on the rudder can be fully attached with sufficiently high jet velocity or momentum
coefficient cµ. A dimensionless slot height of hSlot/c = 0.0006 leads to the highest increase
in the side force coefficient for medium to large cµ values and is therefore used for the
subsequent investigations. Concerning the variation of the geometry in the vicinity of
the slot it was shown that the use of the original rudder is beneficial for cS compared
to a rudder thinned by the thickness of the slot at the rudder shoulder. The original
thickness rudder geometry will therefore be used for the following investigations. Some
changes in the orientation of the slot and its angle to the rudder shoulder were found to
have only a minor impact on the side force coefficient. Recirculation areas due to a thick
fin trailing edge or a large step below the slot towards the rudder shoulder have a larger
impact, reducing the side force gain. The slot orientation approximately parallel to the
fin surface is selected for the following investigations (comp. Fig. 4.8(b)). When using a
pulsing instead of a constant blowing jet some interesting effects could be observed with
a significant increase in cS for small cµ or blowing velocities. This will be investigated
also in the next section which deals with the 2.5D geometry.

4.2 Investigations on an Infinite Swept Vertical Tail Seg-
ment

The 2.5D investigation uses an infinite swept vertical tail segment and is based on the
outcome of the 2D study of the tangential blowing slot. Again the section at 50% span of
the 3D VTP with deflected rudder is extracted. This section is then extruded in spanwise
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direction as shown in Fig. 2.4 (Sec. 2.2). This allows to include the effect of the large
sweep angle of the VTP leading edge of 44◦ and to assess the effects of varying the slot
length and the number of slots in spanwise direction. The span of the computational
model is kept constant during the investigation. In onset flow direction the airfoil
corresponds to the one of the 2D investigation. The slot height is kept constant at the
value derived from the 2D investigations with hSlot/c = 0.0006.

In the following, first a continuous slot is investigated which covers the whole span. In
a next step it is replaced by discrete slots. The intention is to make the blowing more
efficient by achieving a decrease in the required mass flow rate for the same or a similar
increase of the side force coefficient. Since the sweep angle of the VTP varies from the
leading to the trailing edge, a change in the sweep angle is examined as well. Finally,
pulsed blowing is investigated for selected discrete slot configurations and the effect
on the mass flow rate and the resulting side force coefficient is analyzed. A part of the
results presented in this chapter were published in [96] for the assessment of constant
blowing and in [97] for pulsed blowing.

4.2.1 Continuous Slot

Since the continuous slot extends over the whole span it also has the largest slot area.
This means that it requires the largest mass flow rate for a given jet velocity which can
be calculated by multiplying the velocity and density of the jet with the area of the slot
orifice. The results of the continuous slot are used in the following as a reference for the
side force coefficient CS which can be reached and the mass flow rate which is required.

Without blowing the flow on the rudder is separated as it is the case in 2D. In 2.5D
this becomes apparent by skin friction lines going in spanwise direction. With blowing
activated the skin friction lines on the rudder are at first oriented in the blowing direction
of the slots which is perpendicular to the hinge line as can be seen in Fig. 4.25. Since
the jet velocity or momentum coefficient is not large enough to achieve attached flow
on the whole rudder, the skin friction lines again turn in spanwise direction further
downstream towards the trailing edge. Here the flow is separated. With a further
increase in jet velocity the flow can be kept attached up to the trailing edge at a Cµ of
1%. With blowing activated the surface pressure coefficient shows two suction peaks:
one at the leading edge of the fin and one at the rudder shoulder. With increasing jet
velocity the suction peak at the rudder shoulder grows. Since information is propagated
in all directions in subsonic flow, the flow upstream at the leading edge of the fin is also
affected. Downstream on the rudder the area with flow separation is reduced. In the top
view in Fig. 4.25 the high sweep angle of the incoming flow is visualized approximately
by the skin friction lines on the fin. The behavior of side force and the drag coefficient
are depicted in Fig. 4.26. The progression of the curves is similar to the ones obtained
for the 2D geometry. For the 2D geometry the Cµ at which the flow can be attached
up to the trailing edge is 1.4% while it is 1% in case of the 2.5D geometry. The factor
between them is about the difference in length of the rudder in blowing direction, i.e.
perpendicular to the hinge line. In this direction the 2D rudder is longer by a factor of
1/cos(44◦) = 1.39 than the 2.5D one.
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Fig. 4.25 Surface pressure coefficient and
skin friction lines for the con-
tinuous slot, Cµ = 0.08, Left:
view from top aft, right: top
view with the onset flow com-
ing from the top left

Fig. 4.26 Side force and drag coefficient
increment versus momentum
coefficient for the continuous
slot.

4.2.2 Discrete Slots

Using discrete slots, just part of the span is covered by slots. Three example configurations
are depicted in Fig. 4.27. This reduces the total orifice area in comparison to the
continuous slot. Since the span of the wing section is kept constant during the whole
investigation, the width of the slots is selected to enable a uniform distribution for a
specified number of slots along the given span.

A comparison of the different discrete slot configurations is done for three different jet
velocities. These jet velocities are 169 m/s, 207 m/s and 239 m/s. They correspond to
the ones for the continuous slot at momentum coefficients of 1%, 1.5% and 2%. Since
the momentum coefficient also includes the slot area, a better comparison is enabled
here when keeping the jet velocity constant. Otherwise, if Cµ would be kept constant, a
change in the slot area would at the same time also lead to a change of the jet velocity.
For a very small slot this could for example lead to a jet velocity beyond the speed of
sound if Cµ has to stay the same. The geometric characteristics of the different slot
configurations are summarized in Tab. 4.1.

Flow Effects with Discrete Slots

Using several discrete slots in comparison to one continuous slot changes the flow
topology on the rudder. With discrete slots jets with finite width are blowing downstream
over the rudder. At each jet a counter-rotating vortex pair is created which is not present
for the full span jet. These longitudinal vortices can be seen in Fig. 4.28. Here field slices
are used for the visualization of the vortices which are colored with ωx, the x-component
of the vorticity. In addition, field streamlines are shown in the vicinity of one vortex pair.
The view is from the back onto the rudder. From this point of view the blue vortices on
the right of each vortex pair with negative ωx are rotating clockwise and the red ones to
their left rotate counter-clockwise.

For the creation of the vortex pairs two effects come into play. The first one is the finite
width of the jets and was already mentioned. The second effect is the angle of the jet
blowing direction relative to the direction of the flow coming from the fin. At some
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Fig. 4.27 2.5D VTP section with a detail view of three different slot configurations on
the bottom (shown in orange including their extension in chordwise direction
inside the fin). Left: 4 slots, mid: 8 slots with identical slot width, right: 8
slots with halved slot width; top right: aft view of the 2.5D model

Tab. 4.1 List of slot variations for the 2.5D geometry

Number of slots Slot width Gap size between
N w [mm] slots g [mm]

1 76.4 76.4
1 38.2 114.7
1 30.6 122.3
1 19.1 133.8
1 9.6 143.3
1 4.8 148.1

2 57.3 19.1
2 38.2 38.2
2 28.7 47.8
2 19.1 57.3
2 9.6 66.9
2 4.8 71.7

4 19.1 19.1
4 9.6 28.7
4 4.8 33.4

8 9.6 9.6
8 4.8 14.3
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Fig. 4.28 Streamlines and field slices showing the vortices over the rudder

point the flow close to the surface and coming from the fin meets the jet. It first wants to
stay in its original direction and tries to push the jet in its direction as well. However,
the jet has a higher velocity than the surrounding flow. Due to this, close to the rudder
shoulder the flow remains attached in the path of the jet even for lower jet velocities.
The flow from the fin, having a velocity component in spanwise direction, tries passing
over the jet. This creates shearing with the jet, inducing a rotation leading to the blue
vortex in Fig. 4.28. On the side where this vortex is rotating upwards away from the
surface the counter-rotating red vortex with positive rotation direction is induced.

Between the two vortices an upwind region is created where fluid is transported away
from the surface. Locally this is detrimental and weakens the flow there. Looking at
the other side of each vortex where they are rotating towards the surface their effect is
beneficial. Here they transport high energy fluid into the near-surface boundary layer
stabilizing the flow there. Due to this the flow stays attached between the jets. How
effective this works depends on the slot width and the gap between them, the number
of slots and on the jet velocity. This is described in more detail in the next sections. Two
approaches are used for analyzing the results: first for a constant jet velocity and then
for a constant slot width.

Effect of Slot Variations at Constant Jet Velocity

This section discusses the effect of a variation of the number of slots and the slot width
on the side force coefficient while keeping the jet velocity constant. The middle jet
velocity of 207 m/s is selected. The results are presented in Fig. 4.29 for the increment of
the side force coefficient referenced to the value without blowing versus the momentum
coefficient. For a specific CS the most efficient slot configuration is the one requiring
the smallest Cµ. Since the jet velocity is constant the momentum coefficient is varying
proportionally to the slot area and is thus directly scaling with the mass flow rate. The
same slot area can result for example from two wide slots or four slots with halved
width. Each curve in the diagram represents a constant number of slots. Due to the fixed
jet velocity the slot area increases with increasing Cµ having slots with an increased
width and reduced gap size between the slots. In this study the slot area is increased
in principle by doubling its width until the cumulated slot width would lead to zero
gaps or exceed the overall span of the computational model, but a few intermediate
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slot widths were added for some cases. For a given Cµ the cumulative slot area is
constant. The dotted line depicts the results for the continuous slot and the full range of
jet velocities as reference. The filled circle at Cµ = 0.015 or 1.5% is the data point for the
jet velocity considered here.

Fig. 4.29 Side force coefficient increment versus the momentum coefficient at U j =
207 m/s

All curves with discrete slots in the diagram lead to higher side force coefficients for
the same Cµ than the continuous slot. This holds only as long as an alternative to the
continuous slot is possible for the selected Cµ. It can also be observed that the side force
coefficient is increasing with increasing Cµ. Because the largest Cµ at fixed jet velocity
results from the largest slot area, the largest CS is generated by the continuous slot.

For a momentum coefficient of Cµ = 0.38% the results are exemplarily discussed in more
detail. Field slices showing the vortices over the rudder colored with ωx and streamlines
are presented in Fig. 4.30, Fig. 4.31 and Fig. 4.32 for 1, 4 and 8 slots. Included in those
figures is also a top view of the geometry in part b) which shows the skin friction lines
and in blue the areas of reversed flow with negative skin friction coefficient C f x. The
latter gives an indication of separated flow. The field streamlines in part a) of the figures
are colored with total pressure. Red represents a high and blue a low value. This allows
to easily identify the location of the slots due to the red color of the streamlines at the
rudder shoulder.

The highest increase in the side force coefficient at Cµ = 0.38% can be found for the slot
configuration with four slots. It is closely followed by the one-slot configuration. The
results for N = 2 are in between those of N = 1 and N = 4, also from the topology of the
vortex pattern, and are not shown in detail. The results for eight slots lead to a somewhat
smaller CS. Looking at the one-slot configuration in Fig. 4.30 it can be seen that a large
vortex pair is created. It has the largest reach into the flow field perpendicular to the
surface and also the largest extent in spanwise direction. It influences a comparatively
large area on the rudder and can transport higher energy fluid from farther away into
the flow field close to the rudder surface. This makes the one-slot configuration also
quite effective for small momentum coefficients. Concentrating all mass flow on one jet
leaves a noticeable effect on the surrounding flow while smaller jets tend to be easier
influenced, following the outer flow rather quickly. However, the large slot width is also
accompanied by relatively large gaps between the slots where the vortex system does
not cover the whole span. This leads to areas with separated flow between the jets as
can be seen in Fig. 4.30(b), reducing CS. The flow topology of the two-slot configuration
is quite close to the one from the configuration with one slot, but the areas with negative
skin friction coefficient are smaller in spanwise direction.
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(a) Streamlines (pt) and vortices (ωx) (b) C f x < 0 (blue) and skin friction lines

Fig. 4.30 N = 1, w = 38.2mm, U j = 207 m/s, Cµ = 0.38%

(a) Streamlines (pt) and vortices (ωx) (b) C f x < 0 (blue) and skin friction lines

Fig. 4.31 N = 4, w = 9.6 mm, U j = 207 m/s, Cµ = 0.38%

(a) Streamlines (pt) and vortices (ωx) (b) C f x < 0 (blue) and skin friction lines

Fig. 4.32 N = 8, w = 4.8 mm, U j = 207 m/s, Cµ = 0.38%
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For the intermediate arrangement with four slots the combination of slot width and
gap width is such that the flow is attached between the jets. Just a small area close to
the trailing edge still shows separated flow in Fig. 4.31. Increasing the jet velocity to
239 m/s would add sufficient energy to the boundary layer to lead to fully attached flow
also close to the trailing edge (cf. Fig. 4.35). Small blue areas with reversed flow only
remain near the rudder shoulder. In this area the flow separation would start without
flow control. Since the vortices are not yet fully developed in this region, they do not
cover the full span as it is the case further downstream.

In Fig. 4.32 eight blowing slots are distributed along the available span. While the
slots were spaced too far apart in the one-slot configuration compared to the four-slot
case, their spacing is now too dense. The jets are too close together, hindering the
development of sufficiently large vortex structures. The clockwise-rotating vortex in
Fig. 4.32(a) is small and weak in its magnitude of ωx. Since the additional effect of this
second vortex is missing, the aft part of the rudder is separated as indicated by the blue
area in Fig. 4.32(b). This leads to a noticeably smaller CS compared to the two other
configurations at the same mass flow rate. Increasing the jet velocity would lead in
principle to the same picture but now with the streamlines oriented more in the blowing
direction. Furthermore, the portion of the chord having separated flow close to the
trailing edge would reduce.

Increasing the slot width further and by this the mass flow rate leads to larger regions
of attached flow on the rudder and to a further increase in the side force coefficient
as depicted in Fig. 4.29. For the four-slot configuration doubling the slot width leads
to fully attached flow up to the trailing edge at Cµ = 0.75%. The same is true for the
two-slot configuration but with somewhat larger separation areas between the jets close
to the rudder shoulder. For the one-slot configuration a small area of reversed flow
between the jets can still be found all the way up to the trailing edge. For this higher
momentum coefficient the increment in ∆CS for a certain increase in Cµ decreases in a
similar way as it was observed for the 2D investigation. The side force increments for
the different discrete slot configurations do not differ that much any more. The curves
of the discrete slot configurations approach the curve of the continuous slot. However,
the largest increase in the side force coefficient can only be reached by the continuous
slot at the expense of the largest mass flow rate.

Effect of Slot Variations at Constant Slot Width

In the previous section the jet velocity was kept constant. In this section the results
with a constant slot width of w = 9.6 mm are discussed. This width is selected since
it showed the highest gain in CS with the four-slot configuration at Cµ = 0.38% (cf.
Fig. 4.29). For higher Cµ it was found that the gradient of the increase in side force
coefficient decreased. The parameters which are varied now are the number of slots
and with this the size of the gap between the slots. The results are presented in Fig. 4.33.
Each curve is composed of data points with varying jet velocity. The point of the curve at
the smallest Cµ is the one for a jet velocity of 169 m/s. The jet velocity is then increased
to 207 m/s and further to 239 m/s and with this also the increment in the side force
coefficient achieved. In Fig. 4.34 the same results are depicted versus the mass flow
coefficient. In contrast to Fig. 4.29 now both the slot area and the jet velocity are varied,
so that not only the scale on the horizontal axis changes compared to the Cµ-diagram
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but also how the curves are positioned with respect to each other.

Fig. 4.33 Side force coefficient increment
versus the momentum coeffi-
cient at a constant slot width
w = 9.6 mm and varying gap
size g

Fig. 4.34 Side force coefficient increment
versus the mass flow coefficient
at a constant slot width w =
9.6 mm and varying gap size g

(a) Streamlines (pt) and vortices (ωx) (b) C f x < 0 (blue) and skin friction lines

Fig. 4.35 N = 4, w = 9.6 mm, U j = 239 m/s, Cµ = 0.5%

The figures reveal that the more slots are used, the larger the required Cµ and mass flow
coefficient for a constant jet velocity become, but also the more the maximum side force
coefficient is increased. The maximum side force coefficient for the one- and two-slot
configurations are so small compared to the other ones that they are most likely not
of interest for application on a 3D vertical tail. The side force coefficient could only be
increased by a larger slot width as was seen in Fig. 4.29, but this would also remove the
advantage of the low mass flow rate requirement. The largest side force increase can
again be found for the continuous slot.

In Fig. 4.33 three data points are encircled which approximately lead to the same ∆CS
of 0.42. These are now discussed in more detail. All encircled configurations show
attached flow up to the trailing edge. Varying is the area of separated flow between the
jets close to the rudder shoulder where the vortices are not yet fully developed. It is
obvious that the four-slot configuration needs the lowest Cµ of only 0.5% to obtain the
side force coefficient increment under consideration. At the same time, the mass flow
coefficient of 0.0007 is the smallest as shown in Fig. 4.34. Compared to the continuous slot
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(a) Streamlines (pt) and vortices (ωx) (b) C f x < 0 (blue) and skin friction lines

Fig. 4.36 N = 8, w = 9.6 mm, U j = 207 m/s, Cµ = 0.75%

configuration which needs Cµ = 1%, this is a large reduction of 50% in the momentum
coefficient and for the mass flow rate a reduction of 65%.

To get a better understanding of the flow field, the vortices on the rudder and the areas
of reversed flow are depicted in Fig. 4.35 and Fig. 4.36 for the configurations with four
and eight slots respectively. The four-slot configuration shows a good coverage of
the rudder surface by the vortex system in the spanwise direction. Compared to the
eight-slot configuration the blue areas with reversed flow close to the rudder shoulder
are still present, leading to the slightly smaller ∆CS as shown in Fig. 4.33. In Fig. 4.36(a)
the depiction of the vortices for the eight-slot configuration shows that the second,
counter-clockwise-rotating vortex is missing. The slots are too close together preventing
the development of the counter-rotating vortices. The jet velocity is smaller than for the
four-slot configuration at this CS but the slot area is doubled since the slot width is kept
constant. Overall, this leads to an increase in the momentum coefficient and also in the
mass flow rate required.

In summary it can be stated that for a specific increase in CS the slot configuration with
the highest jet velocity and the smallest number of slots leads to the lowest mass flow
rate requirement and is thus most efficient.

4.2.3 Effect of the Sweep Angle

The four-slot configuration with w = 9.6 mm, which was shown to be quite efficient in
the previous section, is used for a further investigation on the effect of the sweep angle.
For the 2.5D geometry the sweep angle at the leading and at the trailing edge is the
same. So far the leading edge sweep angle of the 3D VTP was used. For a 3D vertical
tailplane the sweep angle at the leading edge is larger than that at the hinge line where
the blowing slots are positioned. The effect of the sweep angle, which corresponds in
this investigation to the angle of the incoming flow with the jet blowing direction, is
examined in this section.

Using the geometry as it is and then varying the sweep angle would lead to a decreased
length in onflow direction which the flow would have to travel over the fin and rudder.
Thus it was decided to keep the airfoil in onflow direction constant during this study.
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This is sketched in Fig. 4.37. For smaller sweep angles the chord length parallel to the
top and bottom boundaries increases, scaling with the cosine of the sweep angle and
being largest when it is zero. Since the span of the calculated section is kept constant,
the VTP area changes with the sweep angle. For the calculation of the coefficients CS
and Cµ the respective area for each sweep angle is used as reference area.

Fig. 4.37 Top view of
the VTP section
(stretched span)
for two different
sweep angles

The results for the side force coefficient increment ∆CS
versus the jet velocity are presented in Fig. 4.38. The
increment in CS is the value of the configuration without
blowing from which the result with blowing activated at
the same sweep angle is subtracted. Each curve depicts the
results for the three jet velocities used before, i.e. 169 m/s,
207 m/s and 239 m/s. The sweep angle is varied from 0◦

to 40◦ in 10◦-steps. In addition, the results for the sweep
angle of 44◦ used so far are included.

The relatively large variation in the results shows that the
sweep angle can have a significant influence on the gain in
the side force coefficient. The largest increase is obtained
for the configuration with 30◦ sweep angle. With further
increasing sweep angle, the side force coefficient increment
reduces. Lowering the sweep angle below 30◦ also leads
to a reduction in CS, but this time it is even larger. Thus,
the larger sweep angles are preferred to the small ones. Without or with only 10◦ sweep
angle the increase in the side force coefficient due to blowing is merely about 1/5th of
the result with 30◦ sweep angle. An increase of the jet velocity leads to an increase of
the side force coefficient which is less pronounced for small sweep angles.

With decreasing sweep angle the angle between the incoming flow and the jet direction,
which is perpendicular to the hinge line, i.e. parallel to the upper and lower boundaries
in Fig. 4.37, reduces. This changes the vortex system over the rudder and is the reason
for the considerable difference in the results. In Fig. 4.39 this is exemplarily depicted for
the middle jet velocity of 207 m/s by the areas of reversed flow marked in blue and the
skin friction lines. The vortices over the rudder are visualized in Fig. 4.40.

For the three larger sweep angles the flow on the rudder is attached up to the trailing
edge. Only close to the rudder shoulder areas of reversed flow are present where the

Fig. 4.38 Side force coefficient increment versus jet velocity for a sweep angle variation
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(a) 44◦ (b) 40◦ (c) 30◦ (d) 20◦ (e) 10◦ (f) 0◦

Fig. 4.39 Top view onto the VTP section: skin friction lines and areas marked with
Cfx < 0 (blue) for different leading edge sweep angles, U j = 207 m/s

(a) 44◦ (b) 40◦ (c) 30◦

(d) 20◦ (e) 10◦ (f) 0◦

Fig. 4.40 Aft view of the VTP section: field streamlines (pt) and vortices (ωx) for
different leading edge sweep angles, U j = 207 m/s
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vortex system is not yet fully developed (Fig. 4.39 a) to c)). The vortices over the rudder
in Fig. 4.40 a) to c) correspond to these figures and show a regular pattern of the vortices
traveling downstream. For the configuration with 30◦ sweep angle the vortices are
somewhat larger than those at higher sweep angles. This leads to a better coverage of
the span and to the somewhat increased side force coefficient.

For the three smaller sweep angles of 20◦, 10◦ and 0◦ with the noticeably decreased side
force coefficient in Fig. 4.38 the flow on the surface and the vortices look quite different,
too. The vortex system is not regular any more. The jets can create an attached band of
flow up to the trailing edge as can be seen in Fig. 4.39 d) to f). However, between these
narrow bands the flow is separated on large parts of the rudder. This also explains the
loss in CS. In these cases the angle between the incoming flow and the jets is too small,
preventing the development of a regular vortex system. The irregularity of the flow field
might also indicate a certain level of unsteadiness which cannot be captured correctly
by the steady flow simulation applied here but can be used to verify if a regular pattern
of attached flow develops which would indicate an effective blowing configuration.
Tangential blowing from discrete slots works best if an angle between the jet direction
and the incoming flow exists. For lower sweep angles the flow separation alters the jet
path. Due to this the jet direction locally has an angle to the surrounding flow, enabling
the creation of the vortices but also leaving regions of separated flow in between.

It can be summarized that the angle of the incoming flow to the blowing direction of
the jets has a significant influence on the vortex system and the obtained side force
coefficient. A sweep angle of 30◦ leads to the largest increase in CS among the cases
presented here. This is approximately the sweep angle of the hinge line of the 3D VTP.
Thus, blowing perpendicular to the hinge line seems to be the best blowing direction for
this 3D VTP.

4.2.4 Effect of Pulsed Blowing

The 2D investigation with a continuous slot as described in Sec. 4.1.7 has shown an
increase in side force coefficient when using pulsed blowing compared to constant
blowing — especially for low momentum coefficients. The effect of pulsed tangential
blowing for the already introduced discrete slot configurations will be investigated in
this section. As for most results shown for the 2.5D configuration the sweep angle is 44◦.
Like in 2D, the investigation is carried out using unsteady RANS (URANS) simulations.
Blowing is activated half the time of one period leading to a duty cycle of 0.5. The
actuation frequency is 420 Hz, corresponding to F+ = 1 which was also used in the 2D
investigation.

In Fig. 4.41 the side force coefficient increment is depicted versus the momentum
coefficient. The dashed line shows the results for the continuous slot calculated
using the steady RANS equations. Results with constant blowing, partially already
presented in Sec. 4.2.2, are depicted and complemented with results from pulsed blowing
simulations. The side force coefficient is referenced to the RANS result without blowing
for steady and unsteady calculation results. As was already seen in the 2D results, the
CS-value for very low momentum coefficients is a bit smaller when obtained using the
URANS compared to the steady RANS approach. The computed difference is 0.03 if no
blowing is applied. This introduces an uncertainty in the same order of magnitude or
lower and has to be kept in mind. However, since the uncertainty is rather small it does
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(a) Side force coefficient increment vs. momen-
tum coefficient

(b) Side force coefficient increment vs. mass
flow coefficient

Fig. 4.41 Comparison of side force coefficients for constant (const.) and pulsed (PJ)
blowing results for the 2.5D geometry for a variation in the numbers of slots

not have an impact on the conclusions drawn from the investigations in this section.
Above the dashed line several other curves show the results for blowing through discrete
slots. Curves which have symbols in the same color represent constant blowing while
yellow-filled symbols represent results with pulsed blowing.

First the four-slot configuration represented by the two red curves with dash-dotted line
is considered. With pulsed blowing, results for three different jet velocities are depicted.
The peak velocities during one actuation cycle going from smaller to larger Cµ or mass
flow rate are 207 m/s, 242 m/s and 292 m/s. The mean jet velocities over one period are
half of those values due to the duty cycle of 0.5. The side force coefficient shown is the
result of averaging over one period. For constant blowing, since the jets are active all the
time, half of the jet peak velocity of the respective pulsed blowing case is used to arrive
at the same Cµ. Here, similar to the 2D results, for small Cµ pulsed tangential blowing
leads to a larger gain in the side force coefficient than constant blowing. This reverses
when increasing Cµ to 0.38%. Thus it appears that pulsed blowing is only superior in
terms of side force gain for small Cµ. However, here the magnitude of the CS-increments
is quite low. Consequentially, tangential pulsed blowing is less interesting if higher
gains in side force coefficient are required. Two more slot configurations are displayed
in Fig. 4.41(a). While some benefit can also be seen for the one-slot configuration when
using pulsed blowing for small momentum coefficients, pulsing is detrimental for the
eight-slot configuration with its quite densely spaced slots — even at low momentum
coefficients.

However, the pulsed blowing approach is beneficial when considering the mass flow
coefficient in Fig. 4.41(b). Since blowing is only active half the time the mass flow rate
reduces. If only very small increments in CS are sufficient, this approach might be
considered, but it has to be kept in mind that the complexity of the blowing system is
higher for pulsed blowing due to the required ability to switch the jets off and on with a
prescribed frequency.
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The four-slot configuration is selected for a deeper analysis of the results at two different
momentum coefficients. A comparison of the negative Cfx, i.e. areas of reversed flow, at
Cµ = 0.19% and Cµ = 0.38% for constant and pulsed blowing is presented in Fig. 4.42
and Fig. 4.43. In addition, the aft view on the rudder showing the vortices is depicted in
Fig. 4.44 and Fig. 4.45 for both momentum coefficients. Except for the constant blowing
result for the larger Cµ all configurations have separated flow on large parts of the
rudder. The field streamlines bend away from the surface in the first third to half of
the rudder chord. With pulsed blowing they are turning towards the rudder surface
again a bit further downstream. This corresponds to the spots without separated flow
in Fig. 4.42 and Fig. 4.43 showing Cfx < 0. For the small Cµ the larger jet peak velocity
helps to create larger vortices over the rudder than with constant blowing. Due to
the pulsing they get smaller during the time without blowing but overall nevertheless
result in more attached flow on the rudder and a higher side force coefficient. Since
for constant blowing the velocity ratio of the jet to the surrounding flow is rather low,
only a small effect on the flow is obtained. For the larger Cµ and constant blowing the
jet velocity is already large enough to keep the flow attached along most of the chord,
leading to a higher increase in the side force coefficient. Despite the higher jet peak
velocity for pulsed blowing, the effect of the vortices in attaching the flow is reduced,
resulting in a smaller increase in CS compared to constant blowing.

The reduction of the effect of the discrete slots with pulsed blowing in comparison to
constant blowing for the higher Cµ might be explained as follows. With pulsed blowing
the vortex system is more irregular due to turning the jet on and off periodically. At
the start of each period the jet has to accelerate the slow, low-energy fluid aft of the slot
again which is not the case for constant blowing where the jet remains active all the
time. In addition, the vortices created by pulsed blowing seem to interfere with each
other in spanwise direction due to the cross flow on the rudder. This reduces the energy
remaining to keep the flow attached. Another point to consider is that the vortices
are much larger for pulsed blowing than for steady blowing because the jet velocity
is much larger. Since the slot spacing was designed for steady blowing, the adjacent
vortex pairs with their increased size are now quite close together. In order to show the
full potential of pulsed blowing through discrete slots it might be necessary to find a
slot spacing which is more optimized for the higher jet velocity in combination with
pulsed actuation. This is a whole new optimization task which is not pursued further.
Here, it can only be concluded that using the same slot configuration as for constant
blowing is not beneficial with pulsed blowing if higher gains in side force coefficient
are required. A variation of the blowing frequency might also lead to different results.
Using the frequency which was shown to be beneficial for more 2D-like flows might not
be beneficial with such a strong cross flow.

4.2.5 Summary

The use of discrete slots compared to a full-span slot leads to the creation of a counter-
rotating vortex pair at each jet if the slots have sufficient space between them. Compared
to the 2D investigation or the continuous slot, the jet does not only feed energy directly
to the boundary layer, but the vortex system leads in addition to an increased mixing of
the outer and near-surface flow. This helps increasing the energy of the boundary layer
as well, also between the jets, and thereby with keeping the flow on the rudder attached.
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(a) Constant
blowing

(b) Pulsed
blowing,
AFC on

(c) Pulsed
blowing,
AFC off

Fig. 4.42 Top view of the VTP section:
skin friction lines and areas
marked with Cfx < 0 (blue),
comparison of constant and
pulsed blowing, N=4, Cµ =
0.19%

(a) Constant
blowing

(b) Pulsed
blowing,
AFC on

(c) Pulsed
blowing,
AFC off

Fig. 4.43 Top view of the VTP section:
skin friction lines and areas
marked with Cfx < 0 (blue),
comparison of constant and
pulsed blowing, N=4, Cµ =
0.38%

This again makes the discrete slot configurations more efficient than the continuous slot
by requiring a smaller mass flow rate for the same increase in side force coefficient. But
this entails a much larger jet velocity than for the continuous slot. In this case the speed
of sound might limit the achievable side force coefficient increment. If raising the jet
velocity does not result in an increase in the side force coefficient, the slot width has
to be increased leading to a growth in mass flow rate and momentum coefficient. The
maximum side force coefficient is obtained with the continuous full span slot at the
expense of the largest mass flow rate.

For an efficient discrete slot configuration a suitable coverage with jets in spanwise
direction is needed. Slots being too close to each other suppress the creation of the
vortex pairs. Slots being too far apart from each other lead to vortex pairs which do
not cover the whole span giving room to separated flow between them. It was found
that for a constant slot width and about the same increase in side force coefficient the
combination of a smaller number of slots and a higher jet velocity is more efficient,
requiring less mass flow rate.

A variation of the sweep angle has shown that a 30◦ angle between jet and freestream
flow direction leads to the highest increment in the side force coefficient. This 30◦

angle corresponds to the hinge line sweep angle of the 3D VTP, favoring blowing
perpendicular to the hinge line. Using pulsed blowing seems to be effective in reducing
the momentum coefficient or mass flow rate required even further. However, the side
force coefficients which can be reached by this approach are relatively small. As such
small increments are not thought to be of interest for practical applications, this type of
blowing is not further investigated for the 3D case.
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(a) Constant blowing

(b) Pulsed blowing, AFC on

(c) Pulsed blowing, AFC off

Fig. 4.44 Aft view of the VTP section:
field streamlines (pt) and vor-
tices (ωx), comparison of con-
stant and pulsed blowing, N=4,
Cµ = 0.19%

(a) Constant blowing

(b) Pulsed blowing, AFC on

(c) Pulsed blowing, AFC off

Fig. 4.45 Aft view of the VTP section:
field streamlines (pt) and vor-
tices (ωx), comparison of con-
stant and pulsed blowing, N=4,
Cµ = 0.38%
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4.3 Investigations on a Full 3D Vertical Tail

The results from the 2D and 2.5D studies are now brought together for studying
the mechanisms and effects of tangential blowing on a full 3D vertical tail. For the
aerodynamic design of a tangential blowing system both effectiveness and efficiency
are considered. Here, for the 3D geometry, not only a cross-flow component exists as for
the 2.5D geometry, it also varies along the span as does the side force which is produced
in each local spanwise section. In the following, first the baseline aerodynamics without
blowing is described. A continuous slot is added in a next step which covers most
of the span from root to tip. This should give the highest possible side force increase
due to blowing since the slot area at fixed slot height is the largest and with this the
momentum coefficient at fixed jet velocity. Going further, the most promising discrete
slot configuration from the previous studies is now transferred to the 3D geometry. The
effects analyzed and described include a variation of the jet velocity, the number of slots
and the slot width in spanwise direction. A part of the results shown here were already
presented in [98].

To allow a good comparison with the data from the validation experiment carried out at
the TU-BS (e.g. [85]) the onflow velocity is slightly reduced. The resulting Reynolds
number is 1.885 · 106 based on the VTP mean aerodynamic chord length of 0.5285 m at
a wind tunnel velocity of 57 m/s, corresponding to a Mach number of 0.16 at a wind
tunnel temperature of about 30 ◦C. The VTP reference area is 0.4217 m2. Up to now it
was assumed for most of the work that a step behind the slot exit towards the rudder
surface exists, as it is assumed to be necessary for structural design (cf. discussion in
Sec. 4.1.4). For the 3D geometry this step is omitted to replicate the condition of the wind
tunnel model. This leads to a further increase in the side force coefficient as described in
Sec. 4.1.4. The corresponding geometry in the vicinity of the step is shown in Fig. 4.46.

Fig. 4.46 Geometry in the vicinity of the blowing slot shown in a slice perpendicular
to the rudder hinge line through the 3D VTP with the rudder deflected 30◦

4.3.1 Baseline Flow

The baseline case without blowing will be described first. It already has the slot
integrated in the geometry, but blowing is not active. The effect of the existence of
the slot on the flow field and side force coefficient at the flow conditions considered is
negligible. During the OEI maneuver where maximum side force is required, usually
medium to large sideslip angles occur. Due to this, a variation in the sideslip angle
β, corresponding to the angle of attack of a wing, will be discussed here as well. The
simulation of each configuration is started from scratch at β = 0◦, with subsequent
sideslip angles thereafter calculated as restarts from the previous angle.
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(a) β = 0◦ (b) β = 8◦ (c) β = 9◦

Fig. 4.47 Areas with negative skin friction coefficient (blue) and skin friction lines,
baseline configuration, suction side

For a VTP with a symmetric airfoil and zero twist, the adverse pressure gradient
triggering at some point the start of flow separation is influenced by several factors:
the airfoil shape and thickness, the angle of sideslip, the rudder deflection angle and
the planform. For the VTP at hand, the airfoil relative thickness is constant, but the
point of maximum thickness moves aft from root to tip, increasing the adverse pressure
gradient in the rear part of the VTP. The spanwise side force coefficient distribution of
such an untwisted, tapered and highly swept planform without rudder deflection has its
maximum at approximately 70% of the span, aggravating the adverse pressure gradient
from the root to this point even further. Finally, the adverse pressure gradient caused by
a rudder deflection has to be added. Once the strain on the flow is so high that it cannot
overcome the adverse pressure gradient any more, the flow starts to separate.

Fig. 4.47 shows the skin friction lines and marked in blue areas with negative skin
friction coefficient on the suction side of the vertical tail. The sign of the skin friction
coefficient is taken from the x-component. At C f = 0 the boundary layer profile has
a vertical tangent, indicating flow separation. This is usually followed by areas with
reversed flow, i.e. with C f < 0. Due to the high rudder deflection of 30◦, this is true
for large parts of the rudder as shown in Fig. 4.47(a) already for the case with zero
sideslip angle. The skin friction lines on the fin are approximately parallel to the onflow
direction. On most of the rudder they are turned towards the tip and run approximately
in z-direction. This results since the chordwise flow component is decelerated and has
reduced to almost zero so that the spanwise component of the flow velocity due to the
large sweep angle prevails. Would only the streamlines be considered it might appear
as if the flow characteristics are relatively uniform over the whole span of the rudder.

However, looking at the surface pressure distributions in Fig. 4.48 shows that the
characteristic rudder shoulder suction peak of a deflected control surface with the dark
red color can be found in the lower part of the vertical tail but not in the upper part.
The reason for this can be derived from Fig. 4.49, where the extent of the separation into
the flow field is visualized by the Mach numbers below the onset flow Mach number of
0.16, and from Fig. 4.50 which shows the field streamlines over the suction side of the
VTP. The outer flow coming from the fin is passing above this low velocity region when
moving downstream. The recirculation area over the rudder is rather thin in the lower
part of the VTP, increasing considerably in thickness at approximately 50% of the span.

For the flow coming from the fin the separation area on the rudder has an effect which is
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(a) β = 0◦ (b) β = 8◦ (c) β = 9◦

Fig. 4.48 Surface pressure coefficient and skin friction lines, baseline configuration,
suction side

Fig. 4.49 Field slices along the VTP span
colored with Mach number,
baseline configuration, β = 0◦

Fig. 4.50 Field streamlines, baseline con-
figuration, β = 0◦

similar to a thickening of the geometry itself. The outer border of the recirculation area
is now relevant over which the flow coming from the fin is passing. Since the separation
is thin in the lower part of the VTP, it only reduces the flow turning angle induced by
the rudder deflection a bit. The remaining flow deflection is sufficient to generate the
strong suction peak at the rudder shoulder.

In the upper half of the rudder the size of the separation area normal to the rudder
surface increases. Due to this, the turning of the flow, which would normally be induced
by the rudder deflection, decreases now to almost zero, leading to the absence of the
rudder shoulder suction peak in Fig. 4.48 in the upper half of the VTP. As a consequence,
the field streamlines in Fig. 4.50 pass almost straight over this separation area.

The rather sudden change in the local side force coefficient at about 50% span is
accompanied by a corresponding sudden change in circulation and thus in the spanwise
load distribution which is shown in Fig. 4.51. This causes the emerging third vortex at
this position as seen in Fig. 4.50. Both tip and root vortex develop for similar reasons —
due to the equalization of the pressures from the suction and the pressure side of the
vertical tail and the corresponding strong change in circulation.

With increasing sideslip angle the fin leading edge suction peak starts to get larger (cf.
Fig. 4.48(b)). When the stall of the fin occurs, here at β = 9◦ as depicted in Fig. 4.48(c),



4.3 Investigations on a Full 3D Vertical Tail 81

Fig. 4.51 Side force coefficient vs. normal-
ized span coordinate η, baseline
configuration, β = 0◦

Fig. 4.52 Side force coefficient vs. sideslip
angle, 3D VTP, baseline and full
span slot with jet velocity vari-
ation; dashed lines: theoreti-
cal lift curve slope according
to Küchemann [99] (Eq. 111)

this suction peak at the leading edge vanishes like for the rudder in the region with a
thick recirculation area, accompanied by a drop in CS. The behavior of the side force
coefficient over the sideslip angle in Fig. 4.52 is similar to that of a wing where CS
increases approximately linear with increasing sideslip angle up to the stall.

The flow field characteristics just described give an impression about the complexity of
the baseline flow which shall now be influenced and improved by tangential blowing.

4.3.2 Continuous Slot

Applying tangential blowing at the end of the fin with a full span slot can increase the
side force coefficient in the linear range. The larger the jet velocity, the larger is the
increase in CS as shown in Fig. 4.52. With sufficient blowing the flow on the rudder
remains completely attached. The drop in CS is also caused by a leading edge stall of the
fin. This is shown in Fig. 4.53 by means of the skin friction coefficient and in Fig. 4.54
through the surface pressure coefficient exemplarily for a jet velocity of 200 m/s. In
the latter figure it can also be seen that not only the rudder shoulder suction peak
has increased due to the effects of blowing but also the fin leading edge suction peak
resulting from an upstream effect since in subsonic flow information is propagated in
all directions. The skin friction lines on the rudder are approximately perpendicular
to the rudder hinge line and thus parallel to the jet blowing direction. Even after the
fin has stalled the jet blowing with 200 m/s can keep the flow on most of the rudder
attached. For even higher jet velocities, the rudder would be fully attached. Before
stall at β = 8◦ the separated area at the fin leading edge at the tip in Fig. 4.53(b) is a bit
increased compared to the case without blowing in Fig. 4.47(b). Due to the increase
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(a) β = 0◦ (b) β = 8◦ (c) β = 9◦

Fig. 4.53 Areas with negative skin friction coefficient (blue) and skin friction lines, full
span slot configuration, U j = 200 m/s, suction side

(a) β = 0◦ (b) β = 8◦ (c) β = 9◦

Fig. 4.54 Surface pressure coefficient and skin friction lines, full span slot configuration,
U j = 200 m/s, suction side

in the suction peak with blowing active the fin is higher loaded and tends to start
separating at a smaller sideslip angle. An increase in the stall angle can be observed
for low blowing velocities. This shift in the stall sideslip angle by 1◦ is equal to the
sideslip angle increment used between the data points computed and thus is likely not
significant.

Comparing the curve for the baseline configuration and the ones with blowing in
Fig. 4.52 it can be observed that the gradients δCS/δβ differ. The gradient increases in
principle with increasing blowing velocity. This is due to the change in the separated
flow areas. The larger the blowing, the more of the VTP surface features attached
flow. That in turn means that a larger percentage of the overall area of the vertical tail
can contribute to its full capacity to the side force generation. In the linear range the
percentage of separated flow on the VTP is in principle characteristic for each blowing
velocity. In line with this reasoning, the relative increase in side force coefficient per
degree increase in sideslip is higher for configurations with a larger area of attached
flow, leading to the increased side force gradient.

Two dashed lines were added to this diagram: one starting at β = 0◦ and the CS of the
baseline case without blowing and one at β = 0◦ and the CS of the result for the largest
blowing velocity. These curves are parallel to each other and represent the theoretical lift
curve slopes as expected for subsonic compressible flow of low-aspect ratio swept wings
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according to a formula derived by D. Küchemann ([99], Eq. 111). This theoretical result
is valid for lifting surfaces with fully attached flow. Since for the baseline configuration
quite some areas of separated flow are present on the rudder, only a significantly smaller
gradient can be achieved. For the case with the highest blowing velocity the theoretical
expectation and the simulation result coincide for smaller sideslip angles. Here no
separation areas are present on the VTP. For larger β the gradient reduces a bit compared
to the one expected from the analytical derivation. This is caused by the appearance of
a small separation area at the tip of the fin leading edge which already starts to develop
at β = 5◦.

4.3.3 Discrete Slots

Instead of a continuous full span slot now discrete slots are used, similar to what was
done in the 2.5D investigation. For constant jet velocity the momentum coefficient
and the mass flow rate are reduced since the slot area is reduced. The configuration
selected is the efficient four-slot configuration from the 2.5D investigation with rounded
values for the slot width of w = 10 mm and for the gap between the slots of g = 30 mm.
In total 24 slots are placed along the span. The interaction of the jets with the outer
flow is in principle the same as described in Sec. 4.2.2 for the 2.5D investigation. Slices
showing the x-component of the vorticity ωx are depicted in Fig. 4.55. Due to the angle
of the incoming flow in relation to the jet blowing direction and the shearing between
these two, a vortex pair is created at each jet. The blue vortices with negative ωx are
rotating clockwise about the x-axis and the red ones counter-clockwise. This vortex pair
helps to attach the flow not only in the path of the jet itself but also between the jets
by enhancing the mixing with the higher-energy outer flow. In the lower part of the
rudder the vortices are regular while they get larger and more irregular in the upper
part towards the tip. Here the flow is weaker so that the blowing is not sufficient to
keep the flow completely attached on the rudder. In addition to adding momentum and
enhancing the mixing, the jets also act similar to a boundary layer fence or fluidic fence
reducing the spanwise flow.

The phenomena described can also be observed in Fig. 4.56 where already for β = 0◦

some areas of separation can be found in the upper part of the rudder, increasing
somewhat with growing sideslip angle. The stall mechanism with the leading edge
separation causing the whole upper part of the fin to separate stays the same as for the
baseline and full span slot configuration. Comparing the surface pressure coefficient
distributions in Fig. 4.57 for the different sideslip angles with those of the full span
slot in Fig. 4.54 shows that the rudder shoulder suction peak as well as the one at the
fin leading edge are weaker and have a smaller extent in chordwise direction. This is
especially true for the area close to the rudder shoulder where separation occurs locally.

From the figures just discussed a lower increase in the side force coefficient is expected
than for the continuous slot configuration. This is confirmed in Fig. 4.58 where the
discrete jets with w = 10 mm can achieve only about 60% of the side force coefficient
increase of the continuous slot at the same jet velocity of U j = 200 m/s. The gain in CS
remains smaller even if the jet velocity is increased from U j = 200 m/s to U j = 300 m/s
due to the still existing areas of separated flow in the upper region of the rudder.
Furthermore, it can be observed for the discrete slots with the smaller jet velocity that
the gradient of the curve reduces for intermediate sideslip angles. This is also true if a



84 4 Studies of Mechanisms and Effects of Tangential Blowing on a Vertical Tail

(a) Side view of VTP (b) Zoom onto the root region

Fig. 4.55 Field slices showing the vortices over the rudder, discrete slots at the 3D VTP,
U j = 200 m/s

(a) β = 0◦ (b) β = 8◦ (c) β = 9◦

Fig. 4.56 Areas with negative skin friction coefficient (blue) and skin friction lines,
discrete slot configuration, U j = 200 m/s, suction side

(a) β = 0◦ (b) β = 8◦ (c) β = 9◦

Fig. 4.57 Surface pressure coefficient and skin friction lines, discrete slot configuration,
U j = 200 m/s, suction side
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Fig. 4.58 Side force coefficient versus sideslip angle, 3D VTP, baseline, full span slot
and discrete slots with jet velocity variation

higher jet velocity but halved slot length is used where the momentum added to the
flow on the rudder is a bit higher. From this it becomes apparent that the performance
of the slots does not only need to be investigated at zero sideslip angle but also at higher
angles in the range which is important for the OEI maneuver.

In Fig. 4.59 the pressure coefficient distributions in six spanwise sections are presented.
Here the discrete slot configuration with w = 10 mm and U j = 300 m/s is compared to
the continuous slot results at U j = 150 m/s which leads to a similar but slightly higher
CS (cf. Fig. 4.58). For comparison also the baseline configuration without blowing is
shown. At the section close to the root, where even without blowing only very limited
areas of separated flow exist, the effect of blowing on the pressure coefficient distribution
is small. Progressing to sections further along the span, the effect of the blowing becomes
more obvious. The rudder shoulder suction peak increases significantly, reducing also
the pressure level on the fin suction side and increasing the fin leading edge suction
peak. Here the continuous slot is more effective, especially in the upper three sections.
In the fourth section at η = 0.65, no slot is present in the direct vicinity for the discrete
slot configuration, leading to the relatively large (local) reduction of the rudder shoulder
suction peak. Nevertheless, the effect of the blowing is still visible, especially on the
rudder where the discrete jets lead to a higher level of negative pressure than the
continuous slot, showing the potential of the discrete slots and their benefit with the
creation of the vortex system over the rudder enhancing the mixing of the flow.

In addition to the initial discrete slot configuration with w = 10 mm and g = 30 mm
three more were investigated. Since the distribution of the vortex pairs in Fig. 4.55
seems already sufficiently dense, a wider spacing or reduced slot length and with this
a reduction in the required mass flow rate is examined. The first of the additional
configurations with halved slot length w = 5 mm and g = 35 mm was already mentioned.
For a second configuration each second jet was deactivated leading to w = 10 mm and
g = 70 mm. Starting from this configuration, a third one was derived by doubling the
slot width to w = 20 mm but also the gap size to g = 140 mm so that the mass flow
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Fig. 4.59 Pressure coefficient distribution in six sections along the span, 3D VTP,
baseline, full span slot and discrete slots with w = 10 mm, β = 0◦

rate stays about the same and the effect of large but less densely spaced slots can be
examined. All configurations with a reduced number of slots or slot length exhibit a
reduced gradient of CS versus β at higher sideslip angles.

These configurations will be compared in Fig. 4.60 at two exemplary sideslip angles,
β = 0◦ and the angle before stall β = 8◦, with regard to the momentum coefficient. For
each curve the jet velocity increases with increasing Cµ. At Cµ = 0 the result for the
baseline configuration without blowing is obtained. For small momentum coefficients
all discrete slot configurations are superior to the continuous full span slot, generating a
larger side force for the same Cµ. However, at approximately Cµ = 0.0045 most discrete
slot configurations are already blowing with a very high jet velocity of U j = 300 m/s —
the speed of sound at a temperature of 30 ◦C is 349 m/s. In this Cµ-region the discrete slot
configurations approximately double the gain in CS for β = 0◦. Here only the discrete
slot configuration with w = 10 mm and N = 24 is blowing with merely U j = 200 m/s.
Increasing the jet velocity to U j = 300 m/s leads to approximately Cµ = 0.009. The
side force coefficient obtained there for the discrete slot configuration is close but a
bit smaller compared to the continuous slot with U j = 150 m/s. Since this jet velocity
for the continuous slot is still relatively small it can be increased further and shows
a large increase in the side force coefficient at U j = 300 m/s or Cµ = 0.035, but also
needs about four times the momentum coefficient. This is in principle similar when
looking at the higher sideslip angle of β = 8◦. At Cµ = 0.0021 the discrete slots with
the large slot length of w = 20 mm create the largest increase in ∆CS relative to the
other configurations. This configuration now generates about the same ∆CS as the other
discrete slot configurations at around Cµ = 0.0045 by concentrating its momentum input
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(a) β = 0◦ (b) β = 8◦

Fig. 4.60 Side force coefficient versus momentum coefficient for the full span slot and
the discrete slots configurations for the 3D VTP

in fewer but larger jets. But at approximately Cµ = 0.0045 the increase in CS possible
with this configuration is already reduced due to increasing separations. Comparing
the results for the discrete slots at a momentum coefficient of about 0.0045, it seems that
more but a bit smaller slots are slightly advantageous. However, since they don’t have
the potential for a significant increase in ∆CS, a larger slot width might be favored for
an actual application.

In Fig. 4.61 the same results are now plotted versus the mass flow coefficient for the
same two sideslip angles. The mass flow rate is an important parameter since the airflow
has to be provided by some means and the more is required, the more difficult this
becomes. The diagrams again show the potential of the discrete slots by reducing the
required mass flow rate considerably for about the same increase in side force coefficient.
For the encircled points the discrete slot configuration with w = 10 mm only needs
about half the mass flow rate of the full span slot. While almost the same CS could
also be obtained at β = 0◦ by the discrete slot configuration with w = 10 mm but each
second slot turned off (N = 12), this configuration leads to a much reduced side force
coefficient at β = 8◦ in comparison. This means that if a reduction in the mass flow
rate is considered more important, the discrete slot configuration with w = 10 mm and
N = 24 would be favored. This, however, just holds if the obtained increase in the side
force coefficient is sufficient. Otherwise, the full span slot would also need to be taken
into account.

When comparing the savings in the mass flow coefficient with those of the 2.5D
investigation for the case where the full span slot has a Cṁ of about 0.002, it is found that
they are reduced for the 3D geometry. For the 2.5D configuration a reduction of 65%
could be achieved while it is only about 50% for the 3D VTP when comparing it to the
full-span slot with the same CS. However, a direct comparison of the achieved increase
is difficult. The baseline flow for the 2.5D geometry is worse with a fully separated
rudder while the flow field on the rudder of the 3D vertical tail is not that uniform and
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(a) β = 0◦ (b) β = 8◦

Fig. 4.61 Side force coefficient versus mass flow coefficient for the full span slot and
the discrete slots configurations for the 3D VTP

also not fully separated. The worse baseline in 2.5D makes it easier to reach a specific
increase when the actuation is active. Due to the root and tip vortex in 3D also not the
whole span can be influenced in the same uniform manner as for the 2.5D geometry.
This shows that investigations in 2.5D can support the design process with correct and
important tendencies but the highly three-dimensional flow on the 3D configuration
makes an assessment of the real geometry mandatory for robust and reliable results.

4.3.4 Summary

Lessons learned from the 2D and 2.5D investigations for an efficient tangential blowing
design were applied to a 3D vertical tail. The effects on the flow field observed due
to the introduction of the discrete slots are similar to the 2.5D design. The creation
of the vortex system at each jet of a discrete slot leads to a larger increase in the side
force coefficient per invested momentum coefficient or mass flow rate than if using a
continuous slot. However, as for the 2.5D results, the maximum achievable side force
coefficient is limited if the jet velocity is limited by the speed of sound. The continuous
slot on the other hand only needs relatively small jet velocities for similar gains in the
side force coefficient compared to the discrete slots since the slot area is considerably
larger. By increasing the jet velocity further relatively high gains in the side force
coefficient can be achieved at the cost of high momentum and mass flow coefficients.

The efficient four-slot configuration derived from the 2.5D investigation also leads to
good results on the 3D VTP. From the configurations tested it gave a good increase in
the side force coefficient also at higher sideslip angles. Reducing the slot length with
the aim to reduce the mass flow requirement further resulted in decreased performance
at a higher sideslip angle.

It could be shown that the design approach from 2D, over 2.5D to 3D for a more efficient
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tangential blowing slot configuration generates the understanding and insight required
for the design of the AFC system. A significant reduction in the required mass flow rate,
a critical parameter for the design of the overall system, can be achieved using discrete
slots with a well-defined layout instead of a continuous slot.

Due to 3D effects with strong crossflow on the rudder the weakened and separated flow
on the upper part of the vertical tail could not be completely removed with discrete slots.
On the other hand the principle behind their effectiveness observed in 2.5D was found
to work well in the lower part of the 3D VTP. To further increase the side force, one
possibility could therefore be to use discrete slots in the lower part of the vertical tail
and a continuous slot in the upper part. This would make the design a bit less efficient
but more effective and might be a suitable compromise depending on the design target.





5 Conclusion

This work is built around the flow at the vertical tail(plane) (VTP) of a typical jet-powered
transport aircraft which results from the sizing case for the area of the VTP, the one
engine inoperative (OEI) maneuver, which is for modern transport aircraft dominating
over the area requirement for directional stability. When loaded, the VTP with its large
sweep angle and low aspect ratio compared to a wing features a more three-dimensional
flow field than known from the latter. During the OEI maneuver, the rudder of the
vertical tail is highly deflected, with a representative rudder deflection angle of 30◦ used
in this work. This leads to flow separation on the rudder already at zero sideslip angle.
For an actual OEI occurrence in flight, this is usually accompanied by a certain degree
of bank and sideslip to help balance the moment due to one engine being inoperative.
For the VTP, this additional sideslip angle leads to an increase in the flow separations
on the rudder and thus to an increase of the already strong three-dimensional flow
behavior with large spanwise velocity components. Based on the understanding of
the flow around the VTP just described, the aim of this work is to delay these flow
separations by using active flow control. Here, tangential blowing with blowing slots
positioned at the end of the fin is selected. It was already shown for other applications
that this kind of flow control is capable to achieve the goal specified. However, while
tangential blowing is known to be very effective, it is also considered not to be very
efficient in accomplishing its task. Therefore different possibilities were investigated
on how the efficiency of the tangential blowing approach could be increased without
detrimentally affecting the gain in the side force coefficient. To achieve this, a numerical
study was conducted and a design for the tangential blowing slots developed, which is
both effective and efficient.

The investigation was started with a 2D section of the 3D VTP, mainly used to analyze
the effects of geometry changes in the vicinity of the slot. This comprises among other
parameters the slot height, the slot angle and the effect of introducing a step from the
slot to the rudder shoulder.

The results from the 2D study were then transferred to a 2.5D investigation, where a
constant chord geometry with extension in spanwise direction is used. This allows
accounting for the large sweep angle of the VTP and opens the possibility to examine
apart from a continuous full span slot also discrete slots with a variation of slot and gap
width. In addition, the influence of a variation of the velocity of the constant blowing
jet is examined. Due to periodic boundaries placed on both sides of this VTP section
this corresponds in the simulation to a wing with infinite span. When replacing the full
span slot with discrete slots it was observed that the discrete slots lead to the creation of
a vortex system over the rudder which helps to attach the flow not only in the path of
the jet but also in between the jets in spanwise direction. Thus, not only the momentum
of the jets themselves is used but also the beneficial mixing with the outer flow caused
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by the vortices. Since the overall extent of the slots in spanwise direction is reduced,
a part of the mass flow can be saved. With the use of discrete slots the required mass
flow rate and momentum coefficient could be reduced by up to 65% for about the same
increase in side force coefficient.

In a last step the outcome from the previous investigations was applied to the full 3D
vertical tail with its very three-dimensional flow field. The best discrete slot configuration
from the 2.5D study was used, complemented by a few additional variations concerning
the slot arrangement. The results show that the best 2.5D slot configuration also performs
best on the 3D VTP among all configurations tested. However, the savings in the mass
flow rate are smaller than for the 2.5D investigations but at around 50% still significant
compared to a full span slot. Depending on the specified design goal the maximum
achievable side force coefficient might be a limitation when using discrete slots. If the jet
velocity cannot be increased beyond the speed of sound, there is also a natural limit to
the side force increment which can be achieved. With increasing side force requirement,
the slot width has to be extended more and more at the expense of a reduced efficiency
with the full span slot being the upper limit.

As part of the study it was also examined if the efficiency can be increased even further
by pulsed blowing using a fixed duty cycle of 0.5. This had led to very promising
results for the 2D geometry. For the 2.5D geometry it is still more efficient than constant
blowing, but the range of application was limited to rather low gains in the side force
coefficient. Thus, pulsed blowing was not further pursued for the 3D geometry. A more
comprehensive investigation might be needed to assess the full potential of this kind
of blowing. A variation of parameters like duty cycle or frequency could improve the
results. In addition, only the slot spacing from the constant blowing approach was used
but a spacing optimized for the unsteady pulsed blowing might be more beneficial.

Comparison with Other Research Results

With respect to the work presented especially two points are of interest for comparison
with other research results: first, is the baseline flow captured correctly, i.e. does the
reference used make sense; and second, how does the efficiency of the AFC system
compare to other active flow control methods. While it was shown that the efficiency
can be significantly increased using discrete slots, only a comparison to alternative flow
control methods is going to reveal if these improvements are sufficient for tangential
blowing to be competitive for an actual application.

Concerning the baseline flow without flow control the wind tunnel investigation carried
out on the same VTP geometry and described by Scholz et al. in [59] has shown a
good agreement of the flow behavior up to the stall compared to the numerical results
obtained for the present work. Some of these results were also discussed in Ch. 3. The
biggest difference between wind tunnel test and CFD results was found to be the stall
characteristics. In the wind tunnel test no abrupt stall was observed for the baseline
configuration. The reason for this difference could not be explained conclusively, but
deficiencies in the numerical modeling especially related to the turbulence model are
likely. Other numerical studies in publicly available literature investigating this behavior
and using a vertical tail-type geometry are rare. Besides the one mentioned above, a
detailed study by Shmilovich et al. [63] was found. There, the results of a numerical
study on a wind tunnel and flight-tested configuration with sweeping jets on the VTP
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at the same rudder deflection angle were presented (note opposite sign convention
for the sideslip angle compared to this work). The CFD results of Shmilovich for the
flow without AFC show a good topological and qualitative agreement in the linear
range of the side force coefficient vs. sideslip angle curve as well as in the range of the
maximum sideslip angle with the results obtained for this work, judging from surface
Cp and field total pressure visualizations. The curve for the side force coefficient CS
versus sideslip angle β is also similar (cp. Fig. 4.52 with [63], Fig. 13). The maximum
side force coefficient for the isolated VTP investigated by Shmilovich et al. was found at
already β = −5◦, which is a bit earlier but might be attributed to the characteristics of the
Boeing 757 vertical tail geometry and the fact that CFD results are only available in 5◦

increments between β = +5◦ and β = −10◦. While there is a drop in CS for the isolated
VTP when increasing the sideslip angle beyond that, the side force coefficient only levels
out for the full aircraft configuration. The surface pressure coefficient distributions
presented for the baseline configuration exhibit all features found for the vertical tail
in this work as well. Furthermore, in a study by Jansen et al. [66] a vertical tail-like
geometry is found where the baseline flow without sideslip angle at the same 30◦ rudder
deflection angle as in this work is discussed. A computationally expensive delayed
detached-eddy simulation was performed and just the one sideslip angle is available.
The results were validated with a dedicated small-scale experiment which conditions
were met as good as possible. Despite the bit larger aspect ratio planform and a different
construction in the root region at the transition of the fin to the rudder, the flow field
looks quite similar giving also the three characteristic vortices at root, tip and one in
between. In summary, the flow around the baseline configuration seems to be captured
in a representative manner up to the maximum side force coefficient and thus in the
region of interest.

When comparing with other results using active flow control, two investigations are
particularly interesting. The first study, already mentioned above in the discussion of
the baseline flow, examined the same VTP geometry at the same scale as in this work
but also investigated alternative actuation methods allowing a direct comparison of
achievable side force increments. The second study was carried out also quite recently
in the frame of the NASA Environmentally Responsible Aviation (ERA) project and used
vertical tail-like geometries. One result of this study was already described above. Over
several years multiple investigations were performed ranging from small-scale wind
tunnel tests to a full-scale wind tunnel test and finally a flight test. Here sweeping jets,
i.e. another type of active flow control actuators, were used. A lot of data is available
from these studies, but no absolute values were ever given. Also, some relevant details
of geometry and test setup are not known, but the application case and the rudder
deflection angle considered are very similar to what is used in this work. As explained
before, the flow characteristics of a vertical tail are a bit different compared to a usual
higher aspect-ratio wing-type use case for flow control, making a direct comparison
with such results difficult.

Results of the first study, done for three different actuation methods by three partners,
was summarized by Scholz et al. [59]. One method is tangential blowing including the
discrete slots which are treated in the current work. The two other methods are vortex
generating jets (VGJ) and pulsed blowing jets where neighboring slots are blowing
alternately. VGJ are much more efficient, i.e. they require less momentum coefficient for
the same side force increase, but only much smaller increases in the side force coefficient
are possible. This might limit their field of application. Compared to pulsed blowing,
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where the actuators have an angle to the surface, tangential blowing leads to a similar
gain in side force with respect to the required momentum coefficient Cµ in the region of
linear side force increase. For the maximum side force increase before stall this gain
in side force with respect to Cµ is partly even larger for medium to large momentum
coefficients. This means that tangential blowing is comparable to the pulsed blowing
approach described in [57] in terms of results, but since no pulsing is required the
actuation system might be simpler, lighter and/or smaller, making its integration easier.

Results of the second study driven by NASA and Boeing where especially sweeping
jets were considered and investigated are for example summarized in [33, 53]. In the
beginning also synthetic jets were examined, but due to the low jet exit velocity the side
fore enhancement was considered too limited. Thus, the sweeping jets were selected
to go forward. They combine sweeping, which allows them to cover a relatively large
range in spanwise direction, with tangential injection of momentum into the flow. The
largest amount of data is available for the configuration with sweeping jets used in the
full scale wind tunnel test. For the same 20% increase in side force coefficient at β = 0◦

this approach requires about 39% less Cµ than the discrete tangential blowing jets in
this work and about 32% less Cµ at β = 7.5◦. The values for the discrete slots at β = 7.5◦

are estimated from an interpolation between the results at 7◦ and 8◦ sideslip angle. The
effect of the cut-outs for the rudder support mechanism examined in [49] is already
accounted for in the values for the comparison. The cut-outs are present at the real full
scale vertical tail but not in the current investigation. They lead to a reduced side force
capability of the reference configuration without blowing, making it easier to reach the
targeted 20% increase in the side force coefficient.

However, there are some differences in the setup which are not accounted for but
have an effect on the compared Cµ or side force values. The freestream velocity of
the NASA/Boeing investigation is with 51 m/s smaller than in the current study with
57 m/s. For the same jet velocity this would reduce the ratio of jet to freestream velocity,
reducing in turn the effect of blowing in the results of this work. The momentum
coefficient, which is one measure of the effectiveness of the actuation, is a function of
1/M2

∞. For the same input to the actuators, e.g. the same pressure resulting in the same
jet velocity, this would imply a reduction in the actuation effectiveness for the discrete
slot investigation by about 17%. Also it has to be taken into account that the model scale
differs by approximately one order of magnitude. However, this was found not to be a
major driver in the NASA/Boeing investigations. The momentum coefficient required to
achieve a specified increase in the side force coefficient in a sub-scale test was about the
same as in the full-scale test [49]. Furthermore, it has to be considered that the sweeping
jet configuration has already seen some optimization. Removing the two top slots of
the discrete slot configuration, which were shown to have no significant impact, would
reduce the required Cµ by about 0.05%. That would correspond to a reduction of about
5% in the above mentioned levels of Cµ compared to the NASA/Boeing results. In the
end, the difference between both methods might be smaller than the current values
suggest. Nevertheless, the sweeping jets are quite efficient due to their sweeping motion
and their ability to cover about twice the spanwise extent as a normal steady blowing
jet [100]. Thus, the discrete slots might not reach the same efficiency.

However, there is one result from the small-scale wind tunnel investigations with
sweeping jets described in [9] (Fig. 9) which could be interpreted in such a way
that steady discrete blowing jets in an appropriate setup can be comparable or even
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more efficient than sweeping jets for low momentum coefficients. In the sweeping jet
investigation one feedback loop of the sweeping jet actuators was blocked, effectively
creating a steady jet. This led to one configuration where the jets were inclined to
one (extreme) side of the exit nozzle with the jet blowing direction being upward and
a second configuration where the jets were pointing downwards. The jets pointing
downward, i.e. those with a larger angle to the freestream flow direction, were much
more effective. This also corresponds to the findings in the work presented here.
Comparing at constant Cµ, the same configuration but with sweeping jets had a side
force gain in between the two configurations with the steady jet directed upward and
downward. At least for this case at 30◦ rudder deflection and the relatively large spacing
between the actuators used there, the steady jets with the appropriate blowing direction
were found to be superior to the sweeping jets up to Cµ = 0.7% which is still inside the
area of interest. A direct comparison between sweeping jets and discrete steady jets for
the same flow conditions and if possible also with the same geometry would thus be
very interesting.

Whalen et al. concluded in [52] that based on the flight test results and scaled extrapola-
tions, an increase in rudder effectiveness of about 14% can be achieved at 30◦ rudder
deflection angle and at relevant sideslip angles up to 7.5◦ for the maximum mass flow
rate possible in this test. This would allow an area reduction of the vertical tail by
approximately 12% [53]. With the 14% increase in rudder effectiveness obtained, the
value of 20% initially targeted and achieved in the full-scale wind tunnel test was not
reached. Thus, when considering the full aircraft system including all components like
fuselage, wing and horizontal stabilizer, the expected side force gains might be reduced
for the real application in the end compared to an isolated vertical tail in the wind
tunnel. This has also to be taken into account when looking at the side force gains from
the discrete slots. While a tail area reduction could be achieved using sweeping jets,
the vertical tail is just one small part of the aircraft. In an integration study [48] it was
concluded that a down-scaling of the VTP by 15% would reduce the total aircraft drag
by about 0.4%.

Outlook

Next steps could be a further optimization of the discrete tangential blowing slots from
an aerodynamic point of view by improving their adaptation to the 3D configuration.
An actuation only in the mid-span region for example leads to an increased efficiency
(e.g. [58]) but at the same time also to a reduction in the side force gain possible. At about
this mid-span position the Cp-peak at the rudder shoulder ends in spanwise direction
for the baseline case without blowing, making an actuation at this position especially
beneficial. In addition to energizing the flow, the actuation leads to a reduction in the
spanwise flow by acting like a fluidic boundary layer fence. Even a single actuator could
inhibit this spanwise flow causing effects which can be seen all the way up to the tip.
Thus, actuation in this mid-region should maybe be amplified while it could be reduced,
e.g. by coarser slot spacing, in the lower part of the vertical tail. Also approaches like a
combination of discrete slots in the lower half of the span and a continuous slot in the
upper half could be considered. Further optimizations like a variation of the slot width
along the span could be investigated or a variation of the jet velocity. If a maximum
available mass flow rate would be known from a system development exercise, this
could be taken into account as a constraint as well.
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Furthermore, the state of the art with regard to actuator technology needs to be monitored.
Other types of actuators might emerge which could be coupled with the current concept,
e.g. transverse actuation [101], or synthetic jet actuators might be improved further
regarding their possible output velocity. At that point it might be worthwhile from a
weight, systems integration and/or mass flow requirement perspective to investigate
such actuators in combination with discrete slots further.

The results of the small-scale model presented in this work will have to be transferred to
a full-scale application case for which it needs to be ensured that the jets have the same
effect on the flow. In the sweeping jet investigation by NASA, Boeing and universities,
a good scalability of the momentum coefficient and with this also of the sweeping jet
actuators themselves was observed when comparing the results to the full scale test
[9, 49]. Also other results from the EU project “AFLoNext” for pulsed blowing actuators
[34] make it reasonable to assume that the outcome of this work could be successfully
transferred to a full-scale application.

Drag reduction in cruise flight is the motivation for this study. This can be achieved if
the vertical tail surface can be reduced by creating more side force with a given tail area —
if the resulting direct reduction in drag and weight is not compensated by the additional
weight required for the actuation system. A study by NASA and Boeing [48] has shown
that the change in the vertical tail area is directly proportional to the improvement in
side force generation capability of the vertical tail. But the aerodynamic optimization
alone is only one part. The design of the system operating the actuators and the actuator
design itself need to be further investigated. This was done by NASA and Boeing
in the integration study [48] mentioned above where they investigated a vertical tail
equipped with sweeping or synthetic jets. Such a study at aircraft level considering
detailed information from all disciplines as far as possible would be needed to assess
the overall benefit which could be expected from a VTP enhanced with tangentially
blowing discrete slots. Handling qualities considerations would need to be taken into
account alongside manufacturing costs, weight, system reliability during long term
usage as well es environmental aspects like noise. Blowing air through small slots at
high velocity is usually quite noisy. But since they are only required in emergency
situations this might not be critical. However, the actuators might need to be checked
before each flight which would have to be done while limiting noise pollution. For the
installation it has also to be taken into account that since the vertical tail is symmetric
and the engine failure can occur on both sides, the actuators need to be installed on both
sides as well. When needed, the actuators will only be active at the suction side of the
vertical tail where they provide aerodynamic benefit. This means that the mass flow
required does not increase only because the system is installed on both sides. Another
point is that for the case of sudden failure of one engine the rudder needs to be deflected
in a very short time period. The actuation system has to be fully operational before the
maximum rudder deflection angle is reached where separations are expected to occur.
This highlights that demonstrating the aerodynamic benefit of such an AFC system is
only the first step. An aircraft manufacturer will not implement such a system only
because it is technically brilliant. It needs to bring benefits which can be translated into
a monetary benefit for the aircraft operator. Finally, it has to be kept in mind that with
the use of active flow control for the critical one-engine inoperative case other cases in
the flight envelope might become critical and that any reduction of the vertical tail size
might be limited by these.
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While the vertical tail was taken as a use case here, other lifting surfaces could benefit
from this work as well. If doing so it has kept in mind that the angle of the incoming
flow to the blowing direction of discrete jets plays a crucial role. Thus, for lifting surfaces
with less sweep the relative position and angle of the jets to the hinge line might need to
be adapted.
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